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INTRODUCTION 


When  confronted  with  the  dynamic  design  of  machine  mechanisms.  It 
Is  necessai'y  to  consider  the  Inertial  loads  which  act  on  the  compon¬ 
ents  of  these  machine  mechainlsma. 

The  magnitude  of  the  Inertial  forces  Is  dependent  on  the  Individ¬ 
ual  components;  therefore,  calculation  of  the  Inertial  forces  Is 
linked  to  determination  or  calculation  of  the  accelerations  of  the 
components  of  the  mechanism.  In  the  majority  of  cases,  however,  the 
magnitude  and  the  change  In  the  accelerations,  particularly  during  an 
Irregular  pattern  of  machine  movement  where  the  accelerations  acquire 
Increased  values  and  complex  forms  of  change,  can  only  be  determined 
experimentally. 

The  cheiracterlstlc  nature  of  acceleration  measurements  consists 
In  the  fact  that  accelerations  are  extremely  varied  etnd  that  acceler¬ 
ometers*  have  a  comparatively  small  range  of  measurement  mekgnltudes. 

In  addition,  the  most  Important  chau?acterlstlc  of  an  acceleration  Is 
not  Its  magnitude,  but  Its  rise  time.  The  longer  the  period  of  accel¬ 
eration  Increase,  the  easier  It  Is  to  develop  an  accelerometer  for  It. 
It  Is  extremely  difficult  to  build  an  accelerometer  for  accelerations 
with  small  magnitudes  and  at  the  same  time  for  those  with  extr^nely 
short  periods  of  acceleration  increase,  because  the  sensitivity  of  an 
accelerometer  Is  an  inverse  function  of  Its  natural  frequency.  Short¬ 
term  accelerations,  however,  are  rarely  small  and,  generally,  small 
accelerations  Increase  slowly.  The  limits  of  measurable  accelerations 
are  extremely  large:  starting  with  the  smallest  uid  slowest  reckoned  In 
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fractions  of  a  ^  for  a  whole  arid  for  tenths  of  a  second  and  extending 
to  a  thousand  jg's  which  Increase  over  a  period  of  from  250  to  500  mi¬ 
croseconds.  Thus,  the  mean  linear  acceleration  of  an  automobile  which 
Is  propelled  In  15  seconds  from  a  velocity  of  0  to  50  km/hour  will  be 
approximately  0.  l4  g.  The  acceleration  of  the  cutting  tool  of  a  plan¬ 
ing  machine  Is  0.8  g  in  the  forward  direction  and  0.83  g  In  the  re-  ^ 

verse  direction. 

When  testing  machines,  accelerations  measurable  In  tens  of jg's 
are  encountered  considerably  more  frequently  aind  the  upper  limit  of 
nonimpact  accelerations  should  be  regarded  as  from  100  to  150  g. 

Ihe  larger  accelerations  occur  on  Impact.  Thus,  the  maximum  ac¬ 
celeration  on  Impact  of  a  steel  rod  falling  face  first  onto  an 
anvil  from  a  height  of  5  cm  is  approximately  1500  g.  When  Impact  veloc¬ 
ities  are  large,  accelerations  may  arise  which  have  magnitudes  meas¬ 
ured  In  tens  of  thousands  of  ^'s. 

In  practice,  one  of  two  problems  generally  arises  when  measuring 
accelerations:  to  meaisure  the  maximum  value  of  an  acceleration  and  to 
measure  the  acceleration  aS  a  function  of  time.  In  the  fli-st  case,  the 
accelerations  often  have  significant  magnitudes  and  their  determina¬ 
tion  Is  dependent  on  measurement  of  forces.  In  the  latter  case,  the 
accelerations  are  not  extremely  large  emd  their  determination  Is  asso¬ 
ciated  with  Investigation  of  the  movments  of  the  components  of  the 
mechanism. 

In  conformity  with  this,  accelerometers  are  divided  Into  two 
groups.  The  large  number  of  maart mum-range  accelerometers  belong  to  the 
first  group.  Accelerometers  for  recording  a  process  In  time  must  be 
Included  in  the  second  group. 

Descriptions  of  accelerosteters  based  on  the  use  of  various  me¬ 
thods  of  measurment  may  be  found  In  the  literature  relating  to  meas- 
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urement  techniques.  There  are  mechanical,  optical,  hydraulic,  electri¬ 
cal,  and  other  accelerometers  which  measure  accelerations  over  various 
frequency  and  acceleration  ranges.  Among  the  electrical  accelerometers 
are  slide-wire.  Inductive,  serai -conductive,  electrodynamic,  and  other 
accelerometers.  In  operation,  electrical  linear  acceleration  sensors 
with  wire-wound  strain-gage  pickups  and  plezoceramlc  sensors  made  of 
barlvun  tltanate  are  considered  the  most  highly  perfected  and  simplest 
accelerometers  with  respect  to  design.  Sections  1.6  to  8  were  written 
by  N. P.  Rayevskly  and  sections  sections  2  to  5  and  9  by  M.  I.  Subbotln. 

What  has  been  said  about  sensors  In  regard  to  their  design,  de¬ 
termination  of  their  characteristics,  and  parameter  selection  pertains. 
In  large  measure,  to  all  accelerometers  regardless  of  their  operating 
principle. 


1.  MEASUREMENT  OP  MAXIMUM  VAUJES  OP  THE  ACCELERATION 


There  are  many  problems  aissoclated  with  measurement  of  maximum 
values  of  the  acceleration.  Por  example,  there  Is  the  determination  of 
accelerations  and  forces  during  forging,  stamping,  and  bending,  as 
well  as  the  determination  of  the  accelerations  on  Impact  of  the  com¬ 
ponents  of  the  mechanisms,  etc. 

The  necessity  of  building  meuclmum  accelerometers  was  also  gov¬ 
erned  by  the  fact  that  recently.  In  Industry,  we  have  begun  to  apply 
methods  of  checking  final  products  by  shock  with  a  certain  accelera¬ 
tion  value  which  Is  difficult  to  determine,  and  the  Investigators  are 
often  uncertain  as  to  whether  their  tests  correspond  to  Industrial  re¬ 
quirements. 

The  most  primitive  method  of  determining  acceleration  Is  to  ob¬ 
serve  the  behavior  of  semd  particles  on  a  vibrating  surface.  If  a  par¬ 
ticle  of  sand  Is  driven  from  a  surface  by  vibration,  the  acceleration 
associated  with  the  vibration  exceeds  one  jg. 

The  first  maximum  accelerometer  was  proposed  by  Academician.  B.B. 
Golitsyn. 

A  diagram  showing  the  principle  of  one  of  his  accelercmieters. 


which  Is  a  parallelepiped  with  sides  b  and  h.  Is  shown  In  Pig.  1. 
Under  a  constant  acceleration  a,  the  point  at  which  the  parallelepiped 
begins  to  turn  about  edge  o  occurs  under  the  condition 


Thus,  the  magnitude  of  an  acceleration  measwed  by  this  instru- 
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ment  Is  dependent  upon  the  ratio  b/h. 

Another  instrument  due  to  Academician  B.B.  Golitsyn  consisted  of 
a  weight  P  suspended  by  threads  from  point  A  (Pig.  2).  With  an  accel¬ 
eration  magnitude  a  equal  to  jg  tan  a,  the  electrical  contact  between 
the  weight  and  the  bearing  is  broken  and,  in  this  way,  the  maximum 
value  of  the  acceleration  In  question  is  recorded.  Varying  the  angle 

a,  we  can  measure  the  various  limiting  values 
of  the  acceleration.  Many  different  maximum 
accelerometers  have  been  constructed  on  this 
principle  of  contact  breaking.  A  set  of  such 
accelerometers  adjusted  to  various  limiting 
acceleration  values  and  connected  to  a  device 
which  records  the  number  of  electrical  contact 

Fig.  1.  Maximum  ac¬ 
celerometer  due  to  breaks,  serves  to  characterize  the  px*oces8  be- 
Academlclan  B.B. 

Golitsyn,  Ing  measured  by  registering  the  number  of  ac¬ 

celerations  of  different  magnitudes  over  a  deteimiined  period  of  time 
or  for  a  given  path  segnent  (for  exasqple,  the  Jolting  of  an  automo¬ 
bile  traveling  over  various  roads). 

Other  designs  for  maximum  accelerom¬ 
eters  have  been  based  on  various  methods 
of  measuring  the  inertial  force  of  a  given 
constant  mass.  Figure  3  shows  diagrams  of 
these  designs. 

Ohe  inertial  force  may  be  measured  by 

Fig.  2.  Maximum  accel¬ 
erometer  due  to  Aca-  breaking  the  thread  or  wire, 

demician  B.B.  Golitsyn. 

In  certain  cases,  this  method  has 

proved  to  be  unsuitable,  since  the  thread  Which  Is  attached  by  one  end 


to  a  body  cannot  transmit  the  velocity  of  the  body  to  the  weight  to 

4  ' 

Which  the  other  end  is  attached;  therefore,  the  loading  ooroSltlons  of 

% 
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the  thread  will  not  agree  with  the  test  conditions.  In  these  cases, 
the  thread  Is  replaced  with  a  rod  of  ebonite  or  other  brittle  naterlal 
with  a  notch,  the  dimensions  of  which  determine  the  breaking  forces. 

The  Inertial  force  may  also  be  measured  by  the  distortion  of  the 
vertex  of  a  wax  cone  or  the  change  In  the  diameter  of  a  red-copper 


Pig.  3*  Diagrams  of  maximum  accelerometers. 


sphei’e,  which  are  compressed  by  a  weight  (crushing  method),  or  by 
measuring  the  Impressions  left  by  a  cone  or  sphere  of  a  hard  material 
(diamond,  steel)  on  steel,  copper,  or  lead  strips  having  known  mechan¬ 
ical  properties  (scleroscope  method).  Sometimes,  methods  Involving 
contact -making  or  recording  the  magnitude  of  spring  compression  under 
the  action  of  a  weight  by  using  a  special  catch,  etc. ,  are  applied  In 
place  of  contact  breaking. 

These  methods  are  not  characterized  by  high  accuracy  and  are  ap¬ 
proximate. 

In  every  case,  the  magnitude  of  an  acceleration  will  be 

■  s--^#  irt/sec^ 

or  a  ■  P/Q  In  units  of  £  If  the  measured  force  Is  eqtutl  to  P  and  the 
constant  mass  of  the  weight  a  >  Q/g. 
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Existing  designs  of  maximum  accelercmeter**  have,  more  often  than 
other  types,  circuits  with  contact  breakers.  Figure  4  shows  one  of 
these  designs. 

In  the  absence  of  acceleration  (a  »  0),  the  depressing  force  of 

t 

the  arm  AK  which  Is  exerted  by  the  weight  mg  and  by  the  compression  of 
the  spring  B  will  be  on  contact.  Where  thez^  Is  a  dynamic  effect  on 
the  apparatus,  the  force  changes  by  an  amount 


and  will  be  equal  to 


1*1. 


QaQ,  — . 


fa 

u 


where  I  Is  the  moment  of  inertia  of  the  movable  portion  of  the  appa¬ 
ratus  relative  to  point  A. 


mg 


CL 


Fig.  4.  Maximum  accel¬ 
erometer  with  breaking 
contact. 


T5ie  contact  Is  broken  when  Q  «=  0; 
whence,  Qq  *  la/Ll.  Thus,  contact  breaking 
occurs  at  an  acceleration 


where  c  >  Ll/l  Is  a  constant  of  the  equip¬ 
ment  which  is  dependent  upon  the  position 
of  the  weight,  the  length  of  the  arm  AK,  and  the  mcmient  of  Inertia  I. 

On  varying  the  force  of  the  spring  compression  and  the  position 
of  the  wei^t,  we  may  adjust  the  sensor  to  measure  various  values  of 
the  acceleration. 

One  of  the  latest  designs  of  a  maximum  acceler<aneter  has  been 
described  In  the  foreign  technical  literature.  A  total  of  8  bracket 
arms  with  a  small  weight  at  the  end  are  bent  by  screws  driven  Into  the 
weight.  Contact  between  these  components  can  be  broken  at  the  moment 
when  the  Inertial  force  exerted  on  the  mass  of  the  beam  exceeds  the 
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initial  tension  on  the  beam.  Each  beam  is  connected  electrically  to  a 
neon  lamp  whose  beam  is  reflected  onto  photopaper  or  film  driven  by  a 
timing  mechanism.  When  contact  is  made,  a  straight  line  is  recorded  on 

i 

the  paper  and  when  contact  is  broken,  the  line  is  discontinued;  this 
indicates  an  acceleration  having  a  magnitude  which  corresponds  to  the 
tension  on  the  beam.  The  number  of  broken  lines  and  their  spaclngs  de¬ 
termine  the  nature  and  form  of  the  acceleration  being  measured.  A  sep¬ 
arately  installed  electric  bulb  which  flashes  a  determined  number  of 
times  per  second  records  the  time. 

There  is  also  a  description  of  a  maximum  accelerometer  in  which  a 
permanent  magnet  holds  several  steel  spheres  in  its  field  of  attrac¬ 
tion.  The  attractive  force  on  these  spheres  varies  because  they  are 
separated  from  the  magnet  by  nonmagnetic  insertion  pieces  of  different 
thicknesses.  Under  the  Influence  of  an  acceleration,  the  spheres  which 
are  attracted  by  a  smaller  force  break  away  from  the  magnet;  this  in¬ 
dicates  the  limits  between  which  the  measured  acceleration  lies. 

The  maximum  accelerometers  under  consideration  measure  small  as 
regards  magnitude  (10-15  z) $  slowly  increasing  (hundredths  of  a 
second)  accelerations  more  accurately.  Impacts  are  measured  with  large 
errors  which  reach  15  to  30?S» 

2.  APPARATUS  FOR  MEASURING  MAXIMUM  ACCELERATIONS 

A  special  apparatus  for  measuring  maximum  accelerations  is  more 
universal  and  enables  us  to  obtain  higher  accuracy.  It  measures  the 
maximum  acceleration  for  individual  and  periodic  Impacts,  as  well  as 
for  vibrations,  by  operating  In  conjunction  with  a  piezoaccelerometer 
and  Is  actually  an  Impulse  voltmeter.  Ihe  Indicator  In  It  serves  as  a 
needle-type  mlcroampmeter.  Its  reading  Is  retained  for  a  period  of 
10  seconds  after  measurement. 

A  diagram  of  the  apparatus  is  shown  In  Fig.  5.  Ihe  first  stage  - 
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Flg.  5<  Basic  circuit  of  Instrument  used  to  measure  max¬ 
imum  accelerations.  1)  Input;  2)  to  electronic  osclllo- 
granh  plates;  3)  breadcer;  4)  6Zhlp;5)  6N4P;  6)  6N1P;  7) 
L;  B)5Kh2p;9)  10)  11)  PP3I  12)  Pr;  13)  0;  l4) 

15)  b;  I6)  "throw,  " 


a  pullout  cathode  follower  —  Is  generally  used  for  circuits  with  piezo- 
sensors.  A  signal  from  this  stage  Is  relayed  to  a  three-stage  voltage 
divider  having  a  separation  coefficient  of  1:3  for  each  stage.  A  two- 
stage  voltage  aBqpllfler  follows.  By  varying  the  resistance  in  the 
cathode  circuit  of  one  of  the  tubes,  we  can  ymxy  the  aaqpllfloatlon 
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Pig.  6.  Frequency 
characteristic  of 
apparatus.  1) 

kcps. 


approximately  ±10^1  this  Is  necessary  to  ad¬ 
just  the  range  of  the  apparatus.  A  low-  - 
pass  filter  following  the  amplifier  cuts  out 
the  high-frequency  vibrations  which  eu’lse  In 
the  accelerometer  on  Impact  and  which  distort 
the  form  of  the  signal  being  measured.  The  , 
transmission  band  of  the  filter  Is  determined 


vykh*  by  the  conditions  of  the  measurements  and  can 

kcps. 

be  limited  by  a  frequency  of  2/tQ  (t^  Is  the 
duration  of  the  measurable  Impulse).  In  the  apparatus  under  considera¬ 
tion,  the  break  begins  at  5  kcps  ( Pig.  6).  Such  a  band  permits  trans¬ 
mission  of  an  almost  undlstorted  sinusoidal  Impulse  with  a  period  of 
400  microseconds.  Impulses  of  approximately  this  form  and  duration 
-  arise  during  calibration  of  the  ac- 

jL  ^  celerometers  on  the  ballistic  pend- 

I  ulum  described  below.  Shorter  Im- 

pulses  are  scarcely  encountered  In 
measurement  practice. 

/  1  The  necessity  of  a  filter  Is 

^  /  \  ^ 

- - -  J  _ _ _  Illustrated  by  Pig.  7*  A  phase  In- 

.  verter  and  a  push-pull  final  stage 

Pig.  7«  Influence  of  transmls-  follow  the  filter.  A  signal  may  be 
Sion  band  on  recording.  1) 

12  kcps  band;  2)  6  kcps  band.  fed  from  the  output  of  the  last 


Pig.  7.  Influence  of  transmis¬ 
sion  band  on  recording.  1) 

12  kcps  band;  2)  6  kcps  band. 


stage  to  an  electronic  oscillograph  for  examination  or  recording  of 
the  Impulse  being  measured.  The  maximum  undlstorted  voltage  at  the 
output  Is  55  aiqplltude  volts. 

The  signal  frenn  the  final  stage  of  the  amplifier  Is  fed  to  a 
voltmeter.  The  circuit  of  the  voltMter  Is  similar,  to  that  of  an  Im¬ 


pulse  attenuator  described  In  the  literature  [3^].  The  circuit  oper- 
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ates  In  the  following  manner.  A  positive  voltage  impulse,  entering  the 
grid  of  the  cathode  follower  *■5.  and  proceeding  through  diode  %a' 
charges  condenser  C^2»  which  has  a  charging  time  constant  of  several 
microseconds,  to  its  peak  value.  At  the  same  time,  begins  to  re¬ 
ceive  a  charge,  but  considerably  more  slowly,  since  its  charge  passes 
through  the  large  resistor  After  the  effect  of  the  Impulse  haua 

ceased,  Cj^g  discharges  slowly  through  R^q  in 
such  a  manner  that  it?  voltage  drops  below  1% 
when  fully  charged.  * 

The  voltage  on  transmitted  to  the 

grid  of  the  succeeding  cathode  follower 

_ which  charges  the  large  capacitance  through 

_ diode  Lg.  As  a  result  of  the  low  front  steep- 

^ — — - -t  ness  of  the  Impulse  acting  on  the  St  grid,  the 

tube  is  not  overloaded  emd  is  not  dls.- 
chau*ged  by  its  grid  current. 

When  the  toggle  switch  Bk  is  open,  the 
discharge  of  occurs  as  a  result  of  leakage 
and  the  gidd  current  of  the  tube  Generally, 


Fig.  8.  Time  Curves 
of  voltages  in  cir¬ 
cuit  of  Instrument. 

Input  pulse  on 

grid  L^;  Ug)  on 
capacitance  Cig; 

U^)  on  capacitance 
Uk)  on  capacl- 

tsmce  C  J)  Current  situation,  an  electrometric  tube  is  an- 

through  indicator.  ployed,  but  this  greatly  complicates  and  in¬ 
creases  the  cost  of  the  circuit.  In  the  apparatus,  we  used  a  double 

> 

6n4P  triode  having  a  smaller  grid  cxirrent  than  any  of  the  tubes  gener¬ 
ally  used. 

The  final  stage  of  the  instrument  is  a  voltmeter  across  a  bridge 
circuit;  its  null  point  is  balanced  with  the  aid  of 
curves  of  the  voltages  in  the  circuit  are  shown  in  Fig.  8. 

A  n^ative  voltage  is  supplied  to  the  cathodes  of  and 
to  increase  the  dynamic  range.  A  supporting  voltage  of  approximately 
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Pig.  9.  Calibra¬ 
tion  curve  of  ap¬ 
paratus  voltmeter. 

1)  J,  microamps; 

2)  volts. 


0.5  volts  Is  supplied  to  this  eliminates 
the  Initial  charge  on  and  the  slipping  of 
the  null  point  which  this  causes  and  which  oc¬ 
curs  after  the  toggle  switch  Bk  is  opened 
("throwing**). 

The  anode  voltage  of  the  voltmeter  is 
stabilized  with  a  stabllltron.  The  flla- 
ment  of  is  supplied  from  a  well -Insulated 
glowing  winding.  Af cer  installation,  the 
panel  is  treated  with  a  solution  of  plexlglas 
in  dichloroethane  to  reduce  surface  leakage. 


The  apparatus  has  the  following  characteristics: 

Acceleration  ranges  .  0-20,  0-100  and  0-500  g 

Measxirement  error . . . lOi^ 


Sensitivity  of 

accelerometer  .  3  mlllivults/g 

Number  of  .tubes . .  8 

Feed . off  a  220  volt  line 

Input . . . 65  watts 

Dimensions . .  220  X  10  X  I80  mm^ 

Weight . .  4.5  kg. 

Calibration  of  the  apparatus  is  performed  twice:  first  with 
electrical  inq;iulses  of  accurately  measured  amplitude,  and  then  on  a 
ballistic  pendulum  in  series  with  the  accelerometer.  A  calibration 
curve  of  the  voltmeter  is  shown  in  Pig.  9* 

It  is  necessary  to  regulate  the  accelerometer  so  that  it  pro¬ 
duces  a  positive  Impulse  on  Isgiaet. 

The  ranges  of  the  apparatus  may  be  easily  varied  in  both  direc¬ 
tions.  The  basic  purpose  of  the  apparatus  is  to  operate  in  impact  and 
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vibration  endurance  teats. 

3.  PiniDAMEOTALS  OP  THE  THEORY  OF  ACCELEROMETERS 
WITH  INERTIAL  ELEMENTS 

In  simplest  form,  an  apparatus  of  the  Inertial  type  la  an  Inert 
mass  suspended  from  a  spring  with  a  damper  (Pig.  10),  l.e. ,  a  vibrat¬ 
ing  system  with  one  degree  of  freedom.  Tliis  Implies  the  following:  l) 
the  mass  of  the  spring  Is  negligibly  small  and  the  spring  defoims  on 
vibration  as  a  single  body;  2)  only  the  danqper  creates  a  resistance  to 
motion;  3)  the  motion  of  the  inert  maiss  Is  In  only  one  direction. 

Moreover,  it  Is  generally  asstimed  that  when  the 
spring  is  deformed,  Hooke's  law  Is  strictly  ob¬ 
served  and  the  resistance  Is  proportional  to  the 
velocity  of  the  Inert  mass. 

In  actual  practice,  in  the  general  case,  all 
the  above  conditions  are  not  satisfied;  therefore, 
the  system  under  consideration  Is  Ideal.  In  many 
cases,  however,  the  system  Is  a  good  approxima¬ 
tion  to  reality  and  investigation  of  It  leads 
easily  to  a  final  result;  therefore,  we  shall 
study  precisely  this  system.  More  accurate  re¬ 
sults  will  be  elaborated  as  needed. 

It  should  be  noted  that  the  presence  of  parasitic  (unaccounted 
for)  degrees  of  freedom  has  little  effect  on  the  operation  of  an  ac- 
celer<xneter  at  low  frequencies.  A  much  stronger  Influence  is  exerted 
by  the  non-llnearlty  of  the  elastic  and  resistance  forces:  this  non¬ 
linearity  must  be  kept  to  a  minimum,  as  far  as  possible. 

Sometimes,  an  Inertial  apparatus  wlth^  several  degrees  of  freedoi^ 
Is  designed  deliberately  for  special  purposes  [4],  or,  in  other  irards, 
the  system  shown  in  Fig.  10  becomes  more  eompllcated. 
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Fig.  10.  Diagram 
of  accelerometer 
with  Inertial 
element. 


Many  studies  of  the  applied  theory  of  vibrations «  for  example, 
[12,  16]  and  [30],  have  been  devoted  to  apparatus  of  the  Inertial 
type;  here,  therefore,  we  shall  limit  ourselves  to  a  summary  exposi¬ 
tion  of  certain  determinations  and  conclusions  from  this  theory. 

The  equation  describing  the  operation  of  the  apparatus  by  the 
system  shown  In  Fig.  10  Is 

Mi  r  F,  rP(n. 


where  M  is  the  magnitude  of  the  Inert  mstss,  Is  the  elastic  force, 
F„  Is  the  resistance,  P(t)  Is  the  external  force,  and  x  is  the  dls- 
placement  of  the  Inert  mass  from  the  equilibrium  position. 

'  V  V 

If  the  conditions  of  linearity 

Ff=*  —  he;  — 

(the  minus  sign  Indicates  the  direction  of  action  of  the  forces)  are 
satisfied,  the  equation  presented  earlier  may  be  written  In  the  form 

•*  + ■}•  »»5»  =®  e(0» 


where 


•  k 
M 


The  constants  e  and  Wq  fully  characterize  the  apparatus  and  therefore 
bear  the  special  designations:  "damping  constant"  and  "natural  fre¬ 
quency,"  respectively.  Frequently,  another  quantity  —  the  danqplng  co¬ 
efficient  D  ■  eA»Q  —  Is  considered  In  place  of  e. 

The  two  quantities  cuq  and  D  are  united  under  the  designation 
"appcuratus  constants. "  The  natural  frequency  u>q  is  ejqpressed  in 
rad/sec  and  Is  greater  than  the  quantities  of  the  sane  designation 


measured  In  cycles  per  second  by  a  factor  of  2ir.  D  Is  a  dimensionless 


quantity  generally  smaller  than  unity. 


Vhere  there  are  no  external  forces  prestoit,  the  motion  of  the 
Inert  mass  oh^  the  law  of  daiaped  vibrations 


This  motion  la  termed  "the  natural  vibrations  of  ^he  apparatus. " 

S 

The  constants  A  and  V*  are  determined  by  the  Initial  conditions. 

Motion  under  the  action  of  external  forces  Is  called  "forced. " 
Under  a  constant  external  force  Pq,  the  displacement  of  the  Inert 
mass  will  also  have  a  constant  magnitude: 

(3) 


±£t  1.. 


Since  Sq  Is  the  acceleration  acting  on  the  Inert  mass,  Xq  will 
give  the  magnitude  of  this  acceleration  on  the  I/oJq  scale  (units  of 
length  per  unit  of  acceleration). 

Therefore,  the  apparatus  is  also  an  accelerometer  whose  sensl- 

o 

tlvlty  Is  determined  by  the  coefficient  I/oJq.  The  acceleration  due  to 
gravity,  g  *  98I  cm/sec  ,  Is  very  frequently  taken  as  the  unit  of  ac¬ 
celeration. 

If,  however,  at  the  time  t  =  0,  a  harmonic  force  begins  to  act  on 
the  apparatus  so  that  a(t)  «  a^  sin  cot,  then 

*(<)=«  —  I  r  (/a,sin(M/  +  e),  (4) 

where  U  and  <p  are  functions  of  the  vibration  frequency  u) 

I 


</(„>.,  -  , 

r  (mS— 


(5) 


7  -  -arete 


U  Is  termed  "the  frequency"  (more  precisely  speaking,  the  amplitude- 
frequency)  characteristic  of  the  apparatus,  while  9  Is  the  phase  char¬ 
acteristic.  The  significance  of  U  and  9  Is  explained  by  the  fact  that, 
after  damping  of  the  natural  vibrations,  the  motion  of  the  Inert  mass 
will  also  be  harmonic  with  the  amplitude  TJa^  And  with  the  displacement 
with  respect  to  phase  9*  Curves  of  U((d)  and  9(0))  for  various  values  of 
D  are  shown  In  Figs.  11  and  12. 

It  Is  easy  to  see  that  at  a  sufficiently  low  vibration  frequ«*^ 
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0)  «  a)Q 

-8  (6) 

l.e. ,  the  apparatus  will  record  accelerations  on  the  same  1/u>q  scale. 
In  other  words.  It  will  act  as  accelerometer. 

If,  however.  Conditions  (6)  are  not  satisfied,  all  the  acting  ac¬ 
celerations  can,  nevertheless,  be  determined  from  Formula  (5).  But 
this  Is  possible  only  In  the  case  of  an  external  harmonic  force.  In 
all  other  cases  of  variable  force,  the  motion  of  the  Inert  mass  will 
not  reproduce  the  accelerations  due  to  the  frequency  anl  phase  dlstor- 

I 

tlons  Induced  by  the  apparatus. 

A  condition  Involving  the  absence  of  distortions  can  be  formu¬ 
lated  In  the  following  manner..  a(t}  can  almost  always  be  represented 
In  the  form  of  a  Fourier  series  or  Integral  [16].  As  a  rule,  the  am¬ 
plitudes  of  the  spectrum  coiiq;>onents  decrease  with  frequency.  If  the 
natural  frequency  u>q  of  an  accelerometer  Is  so  high  that  conditions 
(6)  are  satisfied  for  all  spectrum  components  which  have  more  or  less 
significant  amplitudes,  there  will  be  no  distortions.  For  the  most 
part,  the  condition  9  »  0  msiy  replace  the  less  rigid  one.  It  Is  sim¬ 
ple  to  prove  that  where  there  Is  a  phase  displacement  proportional  to 
the  frequency,-  x(t)  differs  fr«n  a(t)  only  by  a  constant  displacement 
In  time  which,  when  required,  may  be  accounted  for  without  difficulty. 
Therefore,  the  criterion  for  the  abseiic’e  of  distortions  Is 

e/%eomt.  Vfle(eoMl)e.  (5«) 

The  frequency  range  in  which  these  approximate  equalities  are  valid  Is 
the  operating  range  of  the  accelerometer. 

A  guarantee  of  the  fulfillment  of  Conditions  (6a}  with  a  given 
accuracy  In  a  given  frequency  range  Is  also  a  problem  in  accelerometer 
design. 


«  V  OA  ^  V  ^  m  If.  ^ 

Fig.  12.  Phase -frequency  characteristic  of 
accelerometer  for  various  values  of  Du  1) 
degrees. 


It  Is  obvious  that  the  req:ulrements  of  high  sensitivity  and  a 
broad  operating  range  are  contradictory:  the  broader  the  range,  the 
lower  will  be  the  sensitivity.  Therefore,  we  must  find  a  compromise 
solution  and  If  there  Is  no  provision  for  sensitivity.  It  Is  possible 
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to  select  a  smaller  ojq.  For  this  purpose, 
we  must  know,  at  least  approximately,  the 
frequency  ranee  of  the  acceleration  being 
investigated.  Therefore,  occasionally  we 
have  to  select  the  natural  frequenev  of  an 
accelerometer  by  the  method  of  successive 
approximation.  It  Is  desirable  that  it  be 
at  least  double  the  the  highest  frequency 
In  the  spectruin  of  the  process. 

Subsequently,  we  must  select  an  opti¬ 
mum  value  of  the  damping  coefficient  D.  It 
Is  apparent  from  the  frequency  character¬ 
istics  (Pigs.  11  and  12)  that  when  D  =  0. 67, 
the  effective  range  of  the  accelerometer  will  extend  from  0  to  0.8  cuq 
(the  frequency  characteristic  in  this  range  is  almost  constant;  the 
rise  In  the  vicinity  of  0.6  ojq  is  extremely  small).  The  phase  charac- 


Plg.  14.  Reproduction  of  sinusoidal  Inq^ulse 
by  aooeler«8ster.  1)  D  ■>  0;  2)  0  ■  0.4;  3) 

D  -  0.7;  4)  0  -  1.0. 


terlstlo  In  this  same  range,  however,  deviates  significantly  from  the 
linear.  Therefore,  the  effective  range  will  be  narrower  for  the  same 
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Pig.  13.  Dependence  of 
time  displacement  In 
accelerometer  on  fre¬ 
quency. 


value  of  D  (up  to  0.4  <Oq). 

It  is  possible  to  determine  the  effective  range  In  such  a  way 
that  the  time  displacements  of  all  the  harmonic  components,  the  fre¬ 
quencies  of  which  are  within  the  range,  are  almost  Identical.  Obvi¬ 
ously,  ir  the  phase  displacement  Is  q>  at  a  frequency  (u,  the  time  dis¬ 
placement  Is 

(7) 

It  Is  convenient  to  consider  the  relative  displacement 

(7a) 

where  Tq  Is  the  period  of  free  vibration  of  the  accelerometer  In  the 
absence  of  damping. 

A  curve  taken  from  [38]  Illustrates  what  has  been  stated  above 
(Pig.  13).  We  may  conclude  from  Pig.  13  that  when  D  *  0.77,  Tq  =  0.25 
for  0  <  <0  <  coq.  Therefore,  the  form  distortions  due  to  phase  dis¬ 
placement  will  not  be  present.  But  here,  the  frequency  distortions 
will  cause  the  effective  range  to  contract  by  approximately  0. 5  u>q» 
Thus,  there  are  two  possibilities: 

1.  If  phase  distortions  do  not  play  a  major  role  In  the  nature  of 

the  measurement  (for  example,  when  determining  the  range  of  the  proc¬ 
ess)  we  may  take  D  •  0.67;  In  this  case,  the  error  In  the  amplitude 
will  be  less  than  1^  for  0  <  w  <  0. 5  l>ut  the  phase  characteristic 

will  be  linear  within  4^  In  the  same  frequency  range  [21]. 

2.  If,  however,  minimum  phase  distortions  are  significant.  It  Is 
necessary  to  assume  the  value  0.77  for  D.  The  deviation  of  the  i^se 
characteristic  from  a  straight  line  Is  0. 5^  less  In  the  same  0  <  w  < 

<  0. 5  (»Q  range.  The  frequency  characteristic  will  have  a  slope  of  kjt 
for  a  frequency  of  0.4  Oq  and  7%  for  a  frequency  of  0.5  oiq* 

In  the  majority  of  oases,  these  data  permit  the  accurate  selec- 
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tlon  of  values  for  the  accelerometer  constants.  In  a  few  cases,  ac¬ 
celerometers  must  be  selected  otherwise  to  measure  Impact  accelera¬ 
tions.  It  .is  a  question  here  of  individual  impulses  or  of  periodic  im¬ 
pulses  with  small  recurrence  frequencies.  Generally,  these  last  for  a 
short  time  ->  from  a  few  milliseconds  to  tenths  of  a  millisecond,  and 
there  are  sharp  fronts  and  breaks  in  their  form. 

In  this  case,  the  natural  frequency  of  the  accelerometer  must  be 

selected  as  high  as  possible  for  the  fol¬ 
lowing  reasons.  It  is  necessary  to  have  an 
accelerometer  with  a  broad  frequency  range 
for  accurate  reproduction  of  sharp  fronts." 
But  in  accelerometers  with  high  natural 
frequencies,  we  cannot  succeed  in  creating 
maximum  damping:  too  large  resisting 
forces  jare  required.  Therefore,  on  impact, 
natural  vibrations  arise  which  distort  the 
recording.  They  will  cease  rapidly  if  the 
period  of  the  natural  vibrations  is  sig¬ 
nificantly  smaller  than  the  duration  of 
the  impulse  and  the  distortions  will  be 
less  noticeable  (Pig.  14).  Finally,  when 
the  natural  frequency  is  Increased,  the  sensitivity  will  decrease,  but 
here  a  compromise  is  necessary. 

In  selecting  the  natural  frequency,  we  must  proceed  from  the  an¬ 
ticipated  range  of  the  impulse  to  be  measured.  An  Impulse  of  rectangu¬ 
lar  form  is  rarely  encountered  during  measurement.  The  form  of  the 

impact  pulse  is  more  frequently  nearly  traingular  or  sinu¬ 
soidal.  With  such  a  form,  the  impulse  range  extends  approximately  to  a 
frequency  equal  to  2/tQ  (in  cycles  per  second),  where  t^  is  the  dura- 
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Fig.  15.  Selection  of 
natural  frequency  for 
impulse  measurements. 

1)  Measured  Impulse;  2) 
Impulse  range;  3)  fre¬ 
quency  characteristic 
of  accelerometer. 


tlon  of  the  Impulse.  The  higher-frequency  ccmtponents  have  extremely 
small  amplitudes.  Therefore,  the  natural  frequency  Oq  should  be  equal 
to  (8-10)  27r/tQ  (Pig.  15). 

When  measuring  the  Impulses  of  other  forms,  the  requirements  for 
the  natural  frequency  of  an  accelerometer  vary.  More  detailed  Informa¬ 
tion  relating  to  this  Is  given  by  Yu.  I.  lorlsh  [16]. 

It  Is  Impossible  to  regard  all  high-frequency  accelerometers  as 
systems  with  one  degree  of  freedom.  Ilie  presence  of  many  degrees  of 
freedom  Implies  the  existence  of  a  large  number  of  natural  frequencies. 
It  is,  of  course,  most  Important  to  know  the  lowest  of  these  fre¬ 
quencies  which  we  will  denote  as  ojq. 

4.  DESIGN  OP  ACCEIEROMETERS 

In  this  section  are  considered  design  problems  for  the  simplest 
type  of  low-frequency  accelerometer  with  a  given  natural  frequency, 
the  design  of  a  damper  (generally  liquid)  and  the  question  of  sensi¬ 
tivity  In  accelerometers  with  strain-gage  pickups. 

Design  of  accelerometer  with  a  given  natural  frequency  cOq.  Here  we 
shall  consider  an  accelerometer  of  the  simplest  design  as  shown  In 
Pig.  l6a  In  which  the  elastic  element  Is  a  flat  spring  operating  under 
a  deflection.  Accelerometers  with  elastic  elements  of  other  forms  do 
not  permit  use  of  strain-gage  pickups  auid  therefore  will  not  be  con¬ 
sidered. 

In  designing  an  accelero<*>eter.  It  Is  expedient  to  consider  It  as 
a  system  with  an  Infinite  number  of  degrees  of  freedom,  since  the  mass 
of  the  elastic  element  Is  comparable  to  or  greater  than  the  Inert 
mass.  The  design  of  complex  set-ups  Is  rather  laborious  [1],  but  nmno- 
grams  [26]  have  been  compiled  for  the  design  of  the  simplest  acceler¬ 
ometers  (Pig.  16).  One  of  these  nomograms  idilch  refers  to  the  struc¬ 
tural  design  shown  In  Fig.  I6a  Is  located  at  the  end  of  the  book  (Fig. 
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48). 


The  natural  frequency  (here  and  in  what  follows  .this  will  refer 
to  the  natural  frequency  f^  In  cycles  per  second  which  Is  equal  to 
^  ^  a>Q/2iT)  of  the  bending  vibrations  of  the 

f  Jr  K*  spring  Is  computed  by  the  formula 

f rr 


a®  b  #  .  ^ 

Fig.  16.  Accelerometers 
with  flat  springs,  a) 
With  one  spring;  b) 
with  two  springs. 


where  h  is  the  thickness  of  the  spring,  1 
is  its  length,  f-  Is  the  propa¬ 

gation  rate  of  the  longitudinal  waves  In 
the  spring  material  and  Is  the  least 
root  of  the  so-called  frequency  equation 


In  the  case  cited  above,  the  frequency  equation  has  the  form 


H-co$Xch>.  -  ^X($inXcfaX  — cwAshl),  (9) 

where  M/m  Is  the  ratio  of  the  Inert  mass  and  the  mass  of  the  spring. 

The  nomogram  constructed  from  Equations  (8)  and  (9)  makes  It 
possible  to  design  accelerometers  with  a  frequency  of  10-300  cps  with 
an  elastic  element  prepared  frcHn  steel.  Dural,  brass,  bronze  or  Hl- 
carta.  Ihe  length  and  thickness  of  the  spring  are  taken  as  initial 
data  In  addition  to  the  natural  frequency  and  the  material  of  the 
spring.  The  spring  width  b  and  the  size  of  the  Inert  mass  M  are  found 
from  the  nomogram.  Naturally,  It  is  possible  to  produce  a  design  from 
any  other  c<miblnatlon  of  the  four  given  Initial  data.  It  Is  also  pos¬ 
sible  to  calculate  the  frequency  of  an  Instnusent  Which  ,has  already 
been  constructed. 

The  use  of  the  nomogram  may  be  explained  by  the  simple  design  In 
Fig.  49.  Let  It  be  required  to  design  an  accelerometer  for  the  data; 
f 0  <■  50  cps ,  spring  material  -  bronze,  1  >  40  mm  and  h  ■  0. 5  nn*  Let 
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u8  construct  a  straight  line  through  points  J  -  40  and  «  5  on  the 
corresponding  scales  Intersecting  the  left-hand  scale  B  where  we  mark 
the  polnc  of  Intersection.  Let  us  construct  a  straight  line  through 
this  point  of  Intersection  and  the  point  f  «  50  to  Intersect  the 
left-hand  vertical  of  the  diagram.  Prom  the  point  of  Intez'sectlon,  we 
must  now  draw  a  horizontal  straight  line  to  cross  the  "bronze”  curve, 
and  then  along  the  vertical  to  the  straight  "bronze"  line  and  again 
horizontally  to  the  right-hand  edge  of  the  diagram,  where  It  is  neces¬ 
sary  to  niark  one  point  of  Intersection. 

Then  It  Is  required  to  construct  a  straight  line  through  points 
1'  =  40  and  h'  =  0.  5  on  the  _1'  h'  scales.  Let  us  connect  the  point 
of  Intersection  of  this  line  with  the  right-hand  scale  A  with  the 
point  of  Intersection  on  the  right-hand  edge  of  the  diagram;  this 
gives  a  point  of  Intersection  on  the  C  scale.  Now,  let  us  select  any 
given  pair  of  values  M  and  v  lying  on  the  straight  line  which  passes 
through  the  point  obtained  on  the  C  scale.  For  example,  we  may  take 
M  «  5  grams  and  b  =  9*5  mm. 

The  accuracy  of  the  design  Is  highly 

dependent  upon  the  physical  properties  of 

the  materials  employed.  In  general,  the 

discrepancy  between  calculated  and  ezqperl- 

mental  results  did  not  exceed  5-10$(,  In- 

xttf  creasing  with  an  Increase  In  f^  to  200- 

Flg.  17.  SJjnpllfled  300  cps  and  greater, 

diagram  of  accelerome-f 

ter  with  liquid  damp-  The  elastic  stresses  In  the  spring, 

Ing. 

for  the  most  part,  cannot  be  calculated, 
since  the  deflection  of  the  spring  In  the  accelerometer  la  usually 


I 


I 


I. 


negligible,  and  the  recording  unit  has  provision  for  sensitivity. 


an  accelerometer  the  most  used  Is  fluid  damping,  since  electromagnetic 
or  pneumatic  damping  does  not  make  It  possible  to  attain  the  large  re« 
slstance  forces  required  for  high  natural  frequencies. 

Where  there  Is  damping  by  a  viscous  liquid,  the  casing  of  the  ac¬ 
celerometer  Is  filled  with  the  liquid.  The  Interaction  of  the  Inert 
mass  and  the  spring  with  the  liquid  In  the  presence  of  vibration  will 
create  a  resisting  force.  In  the  general  case.  It  Is  difficult  to  de¬ 
termine  this  force,  because  it  Is  Impossible  to  calculate  It  from  the 
proportional  velocity  of  the  weight;  this  Is  sometimes  simply  assumed. 

A  viscous  liquid  la  described  by  the  Navler-Stokes  equations, 
while  the  force  which  the  liquid  exerts  on  a  body  moving  through  It  is 
found  by  solution  of  these  equations  under  the  corresponding  boundary 
conditions.  The  proportionality  of  the  resisting  force  and  the  veloc¬ 
ity  Is  observed  only  where  there  is  movement  of  a  solid  body  through 
an  Infinite  liquid  with  a  constant  velocity,  and  then  only  under  the 
condition  that  the  Reynolds  number  is  small  [19].  For  the  case  of  the 
vlbratoiTy  motion  of  a  body  in  a  viscous  liquid,  the  effective  force 
consists  of  two  components,  one  of  which  Is  proportional  to  the  veloc¬ 
ity  of  the  body  while  the  other  Is  proportional  to  Its  acceleration. 
The  first  component  Is  dependent  on  the  viscosity  and  Is  the  resisting 
force  "in  pure  form";  the  second  component,  however,  arises  because 
the  moving  body  transmits  a  certain  impulse  to  the  liquid  and  some 
part  of  It  appears  as  a  vibration.  This  effect  may  be  Interpreted  as 
an  Increase  In  the  mass  of  the  body  to  the  so-called  "associated  iMiss 
of  the  liquid."  This  effect  Is  Independent  of  the  viscosity  and  of  the 
dimensions  of  the  given  surface  of  the  body.  In  other  words.  It  is  not 
connected  with  adhesion,  but  with  the  displacement  of  a  certain  por¬ 
tion  of  the  liquid.  The  coefficients  In  the  forsiulas  for  both  forces 
are  functions  of  the  vibration 
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If  the  volume  of  the  liquid^  however.  Is  finite,  the  phenomenon 
becomes  considerably  more  complicated.  The  {dienomenon  can  be  described 
mathematically  by  solving  the  nonlinear  partial  differential  equa¬ 
tions  under  variable  boundary  conditions.  This  problem  can  hardly  be 
solved  by  the  usual  methods.  But  the  equations  can  be  solved  for  one 
simplified  model  [27].  Let  us  reduce  the  solution  to  an  abbreviated 
form.  A  simulation  of  an  accelerometer  with  liquid  damping  Is  shown  In 
Pig.  17.  A  flat  plate  with  mass  H  and  surface  area  S  on  both  sides  can 
vibrate  In  its  own  plane  between  two  walls  parallel  to  It.  The  front 
face  of  the  plate  Is  obviously  assumed  to  be  Infinitely  small.  The 
walls  and  plate  are  connected  by  an  elastic  tie  and  the  space  between 
the  walls  Is  filled  with  a  viscous  liquid. 

Considering  the  free  vibration  of  this  simulated  model,  we  can 
draw  the  conclusion  that  when  certain  determined  conditions  are  ful¬ 
filled,  the  movement  during  a  sufficiently  small  period  of  time  will 
obey  the  function 

X {!)  =.  x\r^  co*V <;  (10) 

Here  and  e  are  constant  magnitudes 

where  Wq  Is  the  natural  frequency  of  the  almulated  model  enqpty  of  liq¬ 
uid,  d  Is  the  clearance  between  the  plate  and  walls,  p  Is  the  density 
of  the  liquid,  m^  Is  the  mass  of  the  liquid  In  the  space,  and  v  Is  the 
kinematic  viscosity  of  the  liquid. 

As  Is  apparent,'  the  natural  frequency  Is  decreased  subsequ«rit  to 
filling  the  apparatus  with  the  liquid,  but  where  there  are  sisall 
clearances,  this  decrease  Is  Insignificant:  even  If  m^/H  *  0.3,  the 
natural  frequency  changes  only  59^  On  the  other  hand,  to  obtain  a 
large  damping  coefficient  e/o^,  the  clearance  d  must  be  small,  and  it 
Is  precisely  this  idilch  decreases  the  change  In  the  natural  frequency. 
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Thus^  the  simulated  model  under  consideration  describes  an  accel- 
erometer  with  a  constant  and  e. 

The  solution  of  the  problem  of  forced  vibrations  of  the  model 
shows  that  If  the  inequality 

—  <*•  (12) 

is  satisfied,  the  characteristics  of  the  model  will  be  given  by  For* 
mulas  (5)  with  the  substitution  of  for  u)^.  If  we  assume  d  «  0. 1  cm 
and  V  »  10  stokes  (these  are  far  from  being  limiting  values).  It  fol¬ 
lows  from  (12)  that 

10  ''.1000,  l.e. ,  /=^<IS0cpa 

In  what  follows  Is  given  a  comparison  of  an  accelerometer  built 
taking  Into  account  the  conclusions  stated  above  with  an  accelerometer 
of  ordinary  design. 

Electromagnetic  damping  Is  used  only  In  vibrometers.  It  has  In¬ 
disputable  advantages  —  a  strictly  linear  relationship  of  the  damping 
force  Lo  the  velocity,  the  feasibility  of  more  accurate  regulation  of 
the  damping  coefficient,  and  a  minor  dependence  on  temperature.  But 
the  available  magnetic  materials  do  not  enable  us  to  attain  large 
damping  forces,  and  the  dimensions  and  weight  of  the  accelerometer  In¬ 
crease. 

In  oirder  to  evaluate  the  feasibility  of  electromagnetic  damping, 
let  us  show  a  design  for  the  simplest  construction  -  a  short  circuited 
ring  In  an  axially  symmetrical  magnetic  field  (Fig.  l8).  Designs  of 
other  types  of  electromagnetic  danq;)ers  are  considerably  more  complex 
and  less  accurate  [3]. 

vnien  the  ring  vibrates  along  Its  axis,  the  force 


acts  on  the  ring,  v4iere  B  is  the  Induction  In  gausses,  Is  the  spe> 
clflc  resistance  of  the  ring  material  In  ohms  mro'/m,  and  _v‘  Is  the  vol- 
lune  of  that  portion  of  the  ring  in  the  magnetic  field.  Hence, 


2(M,  i 


(M  -  -f  M2«  where  is  the  mass  of  the  ring).  In  order  to  Increase 
D  where  B,  Pq  and  are  constants.  It  is  necessary  to  decrease  N^. 

At  the  limit,  the  mass  of  the  inertial  element  is  equal  to  the 


mass  of  the  ring;  this  means  that 

- 10  *  - 

2M^ 


(13a) 


where  6  is  the  density  of  the  ring  material,  v  Is  the  vol\ime  of  the 
ring  and  a  «  v'/v  <  !•  As  Is  app8a*ent,  it  Is  desirable  to  make  the 
ring  of  a  material  with  a  high  (pQ®)“^  value.  For  constantan  this  Is 
0.24;  manganln,  O.3I;  silver,  6.0;  copper,  6.5;  aluminum,  13. 5. 

If  It  Is  necessary  to  take  D  ■  0, 7  when  B  »  5.10^,  the  ring  Is  of 


aluminum,  and  a  »  0.35*  then 


2*  2p«N* 


10^%l30cpB. 


This  maximum  value  of  f^  should  be  recognized  as  slightly  on  the  high 
side,  since  It  Is  difficult  to  obtain  an  induction  of  5OOO  gausses  In 
a  clearance  which  is  not  extremely  small.  Thus,  if  the  apparatus  must 
operate  over  a  broad  temperature  rainge,  it  is  necessary  to  take  meas¬ 
ures  to  stabilize  the  apparatus  constants.  The  temperature  coefficients 
of  resistance  for  copper  and  aluminum  are  approximately  0.004;  there¬ 
fore,  for  a  teiig)erature  change  of  50^0,  the  resistance  changes  by 
TOJL  If,  however,  constantan  or  manganln  is  used,  f^  will  decrease 
by  a  factor  of  ten. 

This  calculation  e^q^lains  why  electrosMtgnetlc  dasiping  is  pzeioti- 
cally  never  used  in  aoeeleromatera. 
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Fig.  id.  Diagram  of  mag¬ 
netic  damping,  l)  Direc¬ 
tion  of  vibrations. 


Where  liquid  daflq;>lng  is  employed.  It 
Is  desirable  to  use  highly  viscous  sili¬ 
con-organic  liquids  with  a  reduced  temp¬ 
erature  coefficient  of  viscosity.  Sever¬ 
al  of  these  liquids  are  described  In  the 
literature  [2], 

N 

Sensitivity  of  accelerometers  with 


3 train -gage  pickups.  This  problem,  which 
can  be  Important  In  the  design  of  acceler¬ 
ometers,  has  been  examined  In  detail  In 
the  literature  [29l. 

An  accelerometer  with  strain-gage 


pickups  Is  shown  schematically  in  Fig. 
19.  If  we  assume  the  nomenclature  In  Formula  (8)  with  the  additions 
apparent  from  Fig.  19<  we  obtain  the  expression 


for  the  sensitivity  to  accelerations,  where  is  a  constamt  magni¬ 


tude. 


It  Is  apparent  from  this  expression  that  It  is  advantageous  to 

take  a  natural  frequency  fg  as  low  as  measurement  conditions  will  al¬ 

low.  However,  In  contrast  to  Foimila  (3),  the  relationship  here  Is  In¬ 
versely  proportional.  It  Is  advantageous  to  make  the  elastic  element 
from  a  material  with  a  low  c.  Values  of  the  magnitude  of  for  cer¬ 
tain  materials  In  relative  units  are  as  follows:  steel  and  Dural  — 

1.0,  bronze  —  1.4,  and  briuis  and  Mlcarta  —  1.5* 

Of  course,  when  selecting  the  material  and  dimensions  of  .the 
elastic  element.  It  Is  neoessau?y  to  tcOce  care  that  In  operation  the 
deformtlon  does  not  go  beyond  the  pz^portlonallty  limit,  and  to  take 
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Into  account  the  temperature  relationship  of  the  elastic  properties. 

O 

The  sensitivity  Is  also  dependent  upon  the  magnitude  MX|/m,  which 
Increases  with  increasing  M/m,  as  we  have  shown  In  the  curve  In  Pig. 


20. 


Pig.  19.  Diagram  of  ac¬ 
celerometer  with  strain- 
gage  pickups. 


It  follows  from  Eq.  (I5)  that  It  Is 
desirable  to  glue  the  strain -gage  pickups 
as  near  as  possible  to  the  end  of  the 
spring  that  Is  fastened  to  the  casing  and 
that  the  base  of  the  sensor  should  be  as 
sms'*!  as  possible. 

If  we  have  an  accelerometer  such  as 
Is  shown  in  Pig.  l6b,  we  can  double  the 
sensitivity  by  gluing  four  sensors  to  the 


Pig.  20.  Curve  used  to  calculate 
sensitivity  of  aceelertmaeter 
with  strain-gage  pickups.  . 


spring  (symmetrically  about  middle  of  the  spring)  and  connectli^ 
them  Into  a  full  bridge  circuit. 
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Fig.  21.  Circuit  for  excitation 
of  natural  vibrations. 


Fig.  22.  Natural  vibrations  of  an 
accelerometer. 


5.  EXPERIMENTAL  DETERMINATION  OP  ACCEIJSROMETER  CONSTANT 

Such  a  determination  Is  carried  out  after  an  accelerometer  has 
been  built,  to  check  Its  design. 

In  certain  cases  the  design  Is  extremely  Inaccurate  or  Is  sliiy)ly 
not  feasible;  then,  the  values  of  the  constants  can  only  be  obtained 
by  ejqperlment. 

As  a  rule,  the  constants  of  an  apparatus  are  detemlned  by  an  os¬ 
cillogram  of  its  natural  vibrations  which  have  been  excited  by  any 
given  method.  If  the  Inertial  element  Is  made  of  steel.  It  Is  ccmven- 
lent  to  use  the  sehmne  shown.  Pig.  21,  In  irtileh  we  may  set,  by  eholca. 


either  the  initial  displacement  or  the  initial  velocity. 

The  method  generally  adopted  is  described  by  lorlsh  and  Rayevskly 
[16]  and  [22].  It  consists  in  determining  and  D  from  the  equations 


**•  ^  r  + 

(16) 

- 

y 

(16a) 

The  designations  T,  and  may  be  understood  from  Pig.  22. 

Formulas  (l6)  and- (l6a)  are  valid  only  in  that  case  where  the  resist- 
ing  force  is  proportional  to  the  velocity.  The  criterion  for  this  is 
the  constant  relation  between  any  two  successive  maximum  deviations  in 
one  direction.  Curves  of  Formulas  (16)  and  (l6a)  are  shown  in  Fig.  23 
and  24. 

However,  this  method  in  which  the  amplitude  relationships  come 
into  play  will  give  sufficient  accuracy  only  when  D  is  small.  D  *  0.7, 
Xg/xj^  will  be  approximately  1/20  and  may  hardly  be  measured  with  suf¬ 
ficient  accuracy.  Therefore,  sosetimes  wc  proceed  as  follows:  decreas¬ 
ing  the  damping  (for  example,  by  not  filling  the  accelerometer  casing 
with  a  liquid),  the  vibration  "period”  T*  is  determined  from  the  os¬ 
cillogram.  If  the  damping  coefficient  is  of  the  order  of  0.1,  then. 

(17) 

With  a  greater  accuracy. 

Subsequently,  the  nominal  damping  is  established  and  the  vibra¬ 
tion  "period"  T"  is  found.  But 


Consequently, 


tfe  may  use  the  curve  of  Pig.  25  which  is 


$t  *  •*  w  ^ 


Pig.  23.  Curve  for  deter¬ 
mination  of  D. 


plotted  on  the  basis  of  this  formula.  It 
Is  only  necessary  to  note  that,  in  the 
case  of  liquid  damping,  this  method  may 
produce  a  significant  error,  since  the 
reduction  in  the  natural  frequency  due 
to  the  "associated  mass  of  the  liquid" 
is  not  taken  into  consideration.  Let  us 
Illustrate  chls  with  an  example:  for  one 
of  the  accelerometers,  it  was  found  from 
Formulas  (16)  and  (l6a)  that 

cOq  ■  27r*  43  cps ;  D  >  0. 1 , 
and  since  T'  «  0.020  sec  and  T"  ■ 


"""“““"““"I  «  0.023  sec 


Fig.  24.  Curve  for  deter - 


0)  ■  27r»50  cps;  D  ■  0. 5 


minatlon  of  fQ.  on  the  basis  of  Formulas  (1?)  and  (17a). 

Zakharov  [13]  proposed  that  in  determination  of  D  the  apparatus 


be  filled  with  some  low-viscosity  liquid.  This  helps  to  reduce  the  er- 
yr  '«  ror  if  the  densities  of  this  liquid  and  the 

ijoi  - - - 

damping  liquid  are  close  to  each  other. 

U - - 

X  The  determination  of  the  constants  is 

tif - 

\  facilitated  urtiere  the  method  based  on  the 

<1* - Y 

\  measurement  of  time  relationships  during  nat- 

42 - \ 

1  ural  vibrations  is  enployed  [28].  This  method 

*  W  4*  V  M  j#  requires  a  considerably  stepped -ujii  recording 

Fig.  23.  Dependence  rate.  It  is  expedient  to  excite  vibrations 

of  Tq/T  on  D. 

with  short  impulses;  this  increases  the  ao- 


Flg.  23.  Dependence 
of  Tq/T  on  D. 

curacy  of  the  reading. 


Using  the  relationships 
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When  computing  with  these  formulas.  It  Is  Important  to  construct 
the  null  line  properly  and  to  take  Into  account  the  thickness  of  the 
line  on  the  oscillogram. 


Pig.  26.  Osoillograa  of  naturml  vibra¬ 
tions  for  various  values  of  Oi. 

Figure  26  shows  the  oscillograms  of  the  natural  vlbratlcsis  of  an 
accelerometer  with  a  gradual  Increase  In  the  damping  ooefflclimt* 

It  Is  possible  to  ]^pose  still  ano^r  sieaiM  of  determining  the 
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constants  under  conditions  of  harmonic  vibration.  To  carry  this  out, 
it  Is  necessary  to  have  a  "vlbrostand”  wnlch  produces  vibrations  of 
good  form  and  sufficient  amplitude  over  a  range  of  frequencies  close 
to  the  calculated  natural  frequency  of  the  accelerometer,  the  fre> 


frequency  f^:  this  Is  that  frequency  at  which  the  phase  displacement 
between  the  vibrations  of  the  stand  and  of  the  inert  mass  of  the  ap¬ 
paratus  Is  7r/2.  For  greater  accuracy,  we  must  note  the  two  frequencies 
at  which  the  phase  displacement  Is  7t/2  —  3  and  7t/2  -i-  P,  respectively 
(P  Is  a  small  angle)  and  take  their  gecmietrlc  mean.  Ihen  D  Is  formed 
fr(mi  the  phase  displacement  for  any  given  frequency  f  that  Is  not  too 
close  to  fQ. 

O  ■  *  tan  ^ 


In  the  absence  of  a  jAiase  meter,  the  phase  displacement  may  be 
determined  from  an  oscillogram  of  the  forced  vibrations,  but  this  Is 
less  satisfactory. 

The  coincidence  of  the  values  and  D  calculated  by  the  method 
described  above  serves  as  a  guarantee  of  the  good  quality  of  tlw  ac- 


oelerometer. 

Data  relating  to  the  reduction  of  where  one  of  the  accelero¬ 
meters  Is  dan^ened  by  a  liquid  has  been  cited  above.  This  was  an  ac¬ 
celerometer  of  the  type  shown  In  Fig.  27*  Its  damping  coefficient  was 
selected  by  varying  the  viscosity  of  the  liquid  by  purely  enqplrlcal 
means.  In  contrast  to  thls«  a  "flat"  acceler<»neter  (Pig.  28)  was  de¬ 
signed  In  advance.  Its  design  data:  f^  >  50  cps  and  D  «  0. 7.  It  was 
established  from  the  natural  vibrations  that  f^  »  k'j  cps  In  air,  fQ  ■ 
s  46  cps  In  the  casing  filled  with  silicone,  and  D  »  0.6.  The  deter¬ 
mination  of  D  from  the  phase  characteristic  gave  a  value  of  0.6-0. 65. 
Several  accelerometers  were  built  on  the  basis  of  this  principle.  Us¬ 
ing  liquids  with  viscosities  of  from  10  to  20  stokes,  it  Is  easy  to 
obtain  the  required  value  for  D,  as  low  as  1,  even  where  the  natural 
frequency  Is  500  cps,  and  perhaps  at  even  hl^er  frequencies. 

In  the  most  favorable  cases,  the  determination  of  the  constants. 

In  particular  D,  was  carried  out  with  an  accuracy  to  59t>  Therefore, 
when  designing,  there  Is  no  point  In  proceeding  frcsn  the  values  of  the 
constants  calculated  with  an  accuracy  to  three  decimal  places  as  is 
sometimes  done. 

As  for  high-frequency  accelerometers,  however,  only  the  lowest 
natural  frequency  fg  is  usually  determined.  The  natural  vibrations  are 
excited  by  a  sudden  Impact  on  the  casing.  In  this  case,  for  piezoac¬ 
celerometers  with  elastic  elements  operating  under  a  cosipressive  or 
shearing  stress,  the  lowest  natural  frequency  detensined  by  the 
elastic  element  and  the  inert  mass  generally  exceeds  tens  of  kilocycles 
per  second.  It  is  not  this  frequency,  but  the  lowest  natural  frequen¬ 
cies  of  the  casing  that  are  observed  on  the  oscillogram.  Therefore,  It 
Is  not  necessary  to  compute  the  natural  frequency  of  the  plezoacceler- 
(Mieter.  In  measuring,  it  is  necessary  to  pay  partieular  attention  to 


the  attachment  of  the  acceleroneter  to  the  object  of  measurement. 

6.  SENSORS  FOR  LINE/Oi  ACCEIERATIONS  WITH  INERTIAL  EI£MENTS 

A  basically  simple  design  of  sensor  used  to  measure  linear  accel* 
eratlons  consists  of  a  vertically  positioned  elastic  cantilever  beam 
embedded  In  a  base  sind  with  a  weight  fastened  to  the  free  upper  end. 
When  the  base  of  the  sensor  Is  set  In  motion  with  the  acceleration  to 
be  measured j  the  Inertial  force  of  the  mass  of  the  weight  will  bend 
the  cantilever  beam.  Under  determined  conditions,  this  bending  will  be 

proportional  to  the  acceleration  applied  to 
the  base.  Hie  bending  of  the  beam  can  be 
measured  with  the  use  of  wire  strain-gage 
pickups  which  are  placed  on  the  two  sides  of 
the  beam.  This  beam  Is  placed  In  a  casing 
filled  with  a  damping  fluid  of  a  determined 
viscosity.  From  the  strain-gage  pickups  there 
are  leads  which  are  connected  to  the  termi¬ 
nals  situated  on  the  casing  of  the  sensor.  In 
the  electric  circuit,  these  strain -gage  pick¬ 
ups  comprise  two  arms  of  the  measuring 
bridge  (Pig.  29)  which  Is  connected  to  the 

Being  at  the  same  temperature,  the  sensors  attached  to  the  beam 
are  heat  compensators  which  eliminate  the  Influence  of  temperature  va¬ 
riations. 

For  a  straight  cantilever  beam,  the  greatest  bending  mcmient  and 
the  greatest  deformations  are  at  the  base  of  the  beam  and  the  straln- 
gsige  pickups  to  be  glued  on  the  beam  should  be  sltviated  at  the  fast¬ 
ened  end.  For  beams  with  small  dimensions,  strain-gage  pickups  with 
small  bases  are  required  for  attaolsaant. 
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Fig.  29.  Electric 
circuit  of  linear 
acceleration  sensor. 

1)  D^. 

Input  of  an  amplifier. 


In  order  that  the  relative  deforma¬ 
tion  be  the  same  along  the  length  of  the 
beam^  It  must  have  the  form  of  a  beam  of 
equal  resletance.  For  such  a  beam,  the 
moment  of  realatance  along  the  beam  muat 
decreaae  proportionally  with  a  change  In 
the  bendlxig  moment.  The  radlua  of  curva¬ 
ture  of  auch  a  beam  la 

Pig.  30.  Influence  of  In-  . 

correct  aettlng  of  accel-  '“’S"* 

erometer.  ^ 

1. e. ,  the  beam  will  bend  in  the  form  of 
an  arc  of  a  circle,  and  ita  deflection  will  be  one  and  one-half  tlmea 
greater  than  that  of  a  atraight  beam,  llie  relative  deformation 

u  Pt 

I  “  er* 

where  W  la  the  moment  of  realatance  at  the  base. 

The  deformation  will  be  the  aame  over  the  entire  length  of  the 
beam  and  of  the  atraln-gage  plckupa;  therefore,  the  plckupa  may  be  ar¬ 
ranged  along  the  entire  length  of  the  beam. 

A  linear  acceleration  aenaor  may  have  a  different  aensltlylty  aa 
a  function  of  the  natural  frequency,  nie  lower  the  natural  frequency, 
the  greater  the  aenaltlvlty.  The  aenaltlvlty  of  a  aenaor  to  accelera¬ 
tion  may  be  expreaaed  by  different  valuea:  by  the  voltage  at  the 
bridge  output  (mllllvolta/g) ,  by  the  relative  change  In  realatance 
(AR/R)/g,  and  by  the  reljatlve  deformation  referred  to  unit 

of  acceleration. 

Since  measured  accelerations  are  usually  recorded  on  an  oscillo¬ 
gram,  It  Is  convenient  to  determine  the  sensitivity  of  a  sensor  In 
nm/g  -  millimeters  of  the  oscillogram's  ordinate  corresponding  to 


one  or  in  n  g/mn  -  the  number  of  per  millimeter  of  the  orcl» 
Inate. 

The  sensitivity  of  a  linear  acceleration  sensor,  together  with 
the  frequency  of  the  natural  vibrations,  is  the  fundamental  character¬ 
istic  of  the  sensor. 

When  the  sensor  is  rotated  90°  from  the  vertical,  its  reading 
will  correspond  to  1  g.  The  rotation  should  be  accomplished  with  suf¬ 
ficient  accuracy,  since  sensors  with  low  natural  frequencies  already 
begin  to  respond  to  rotations  of  from  1  t^  2°;  this  may  be  noted  on 
the  oscillogram.  Obviously,  an  Inaccurate  setting  of  the  sensor  at  the 
time  of  calibration  or  measurement  may  lead  to  errors. 

Let  us  assume  that  we  are  to  measure  linear  accelerations  with  an 
Inaccurately  moxinted  sensor  having  a  deviation  in  the  direction  of  the 
acceleration  to  be  measured  (Pig.  30).  The  spring  of  the  sensor  will 
bend  under  the  force  ma  cos  a,  the  Inertial  force  component  of  which 
is  to  be  measured. 

In  addition  to  this,  the  component  of  the  force  of  gravity 
mg  sin  a  will  also  bend  the  spring.  Consequently,  the  spring  will  bend 
under  the  Influence  of  the  force 

P  «  ma  cos  a  -f  mg  sin  a. 

If  the  acceleration  to  be  measured  Is  small  and  Is  approximately 
equal  to  then 

F  »  ing(8ln  a  +  cos  a). 

For  small  angles,  sin  a  Is  close  to  zero  and  cos  a  Is  close  to  unity; 
therefore,  their  sura  Is  also  close  to  unity  but  somewhat  greater. 

In  cases  irtiere  the  motion  is  in  the  opposite  direction,  the  sum 
will  be  somewhat  smaller  than  unity. 

P  «  mg(eos  a  -  sin  a) 

On  recording  a  harmonic  vibration,  tills  produces  a  displacement  of  the 

-  38  - 


null  line  from  Its  mean  value «  although  the  sum  of  the  amplltudea  will 
be  recorded  without  the  error  arising  from  the  deviation. 

It  follows  from  this  that  In  calibration  and  measurement,  the  am¬ 
plitudes  of  the  vibrations  should  be  determined  from  the  sum  of  the 
upward  and  downward  deviations;  this  can  eliminate  the  error  due  to 
Inaccurate  setting  of  the  sensor. 

When  the  values  of  the  acceleration  to  be  measured  are  large,  l.e. , 
when  a  »  g, 

/>..  ma  ^ccK 

and  the  error  due  to  the  Inaccurate  setting  will  be 

-^  =  1— ^co*  • A 

It  Is  apparent  that  the  error  will  decrease  with  an  Increaae  In  the 
acceleration  to  be  measured.  Values  of  errors  for  various  accelera¬ 
tions  and  deviation  angles  are  presented  below: 

•a4 
a.if 

Sensors  used  to  measure  small  accelerations  should  be  placed 
with  the  greatest  feasible  accuracy  and  should  operate  In  a  horizontal 
direction. 

If,  In  the  measuring  process,  the  linear  acceleration  sensors  are 
Inclined  to  both  sides  at  one  and  the  same  angle,  the  null  line  will 
not  shift,  but  the  greater  the  amplitude  error,  the  greater  will  be 
the  angle  of  deviation  of  the  smsor.  If,  however,  the  angles  of  devi¬ 
ation  are  different  in  both  directions,  a  shift  will  be  observed  In 
both  the  null  line  and  the  amplitude  encw. 

The  Incorrect  setting  of  an  aeceleroMter  in  the  plane  of  tim  ac- 
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celeratlon  to  be  measured  may  also  give  rise  to  errors. 

When  the  sensor  Is  Incorrectly  set  up,  the  result  Is  that  errors 
will  arise  In  the  amplitude  when  the  direction  of  the  deviation  of  the 
mass  on  the  spring  does  not  coincide  with  the  direction  of  the  motion 
of  the  body  of  the  sensor.  In  this  case,  the  amplitude  of  the  recorded 
acceleration  Increases  In  proportion  to  cos  ^  where  Is  the  angle  be> 
tween  the  directions  of  the  deviation  and  the  motion. 

An  important  characteristic  of  an  accelerometer  Is  its  ability 
not  to  react  to  accelerations  directed  a;  ancles  to  the  acceleration  to 
be  measured. 

This  ability  depends  on  the  accuracy  with  which  the  sensor  is 
built,  since  it  is  difficult  to  exclude  slight  deviations  of  the  cen¬ 
ter  of  gravity  of  the  body  of  the  sensor  from  Its  geometrical  axes  of 
symmetry.  Lateral  accelerations  create  torsion  and  bending  moments 
which,  in  their  turn,  produce  bending  of  the  spring  of  the  sensor  and 
can  influence  the  reading  of  the  Instrument. 

There  are  many  designs  of  llneEU*  acceleration  sensors  with  flat 
springs  of  bronze  or  steel  and  with  small  masses  In  the  form  of  a 
steel  sphere  or  cylinder. 

Sensors  can  be  designed  most  readily  for  slow  fluctuations,  even 
If  for  large  accelerations.  On  the  other  hand,  the  more  rapidly  the 
small -magnitude  accelerations  change,  the  more  ccnnplex  will  be  the  de¬ 
signs  and  the  less  sensitive  the  sensors. 

The  natural  vibration  frequency  of  sensors  with  a  single  cantl- 

I 

levered  beam  may  be  up  to  200  -  2^0  eps.  Higher -frequency  sensors  man¬ 
ifest  low  sensitivities. 

The  upper  limit  of  an  acceleration  to  be  measured  Is  determined 
by  the  bending  possible  In  the  sensor  spring.  Since  this  value  Is  usu¬ 
ally  large,  the  upper  limit  of  accelerations  which  can  be  measuredl 


will  also  be  high. 

For  example,  a  sensor  with  a  natural  frequency  of  39  cps  at  an 
acceleration  of  1  g  produced  an  osclllocraph-beam  deflection  of  24  mm. 
To  this  acceleration  corresponded  a  spring  deflection  of  0. 1  mm.  Ibe 
largest  spring  deflection  at  which  the  greatest  stress  did  not,  by 
far,  reach  the  proportion  limit  was  2  mm.  Therefore,  the  sensor  can 
measure  an  acceleration  of  the  order  of  +20  g.  In  this  case,  the  mag¬ 
nitude  of  the  acceleration  to  be  meaisured  is  now  limited  not  by  the 
sensor,  but  by  the  loop  of  the  oscillograph.  Since,  at  an  acceleration 
of  1  g,  the  current  at  the  output  of  the  amplifier  is  1,25  mllllamps, 
we  may  measure  an  acceleration  not  greater  than  4  g  with  the  loop  se¬ 
lected  (class  V  with  a  maximum  current  of  3  mllllamps),  and  the  lim¬ 
its  of  the  sensor  measurements  will  be  from  0.25  to  4  g.  Taking  a  loop 
with  different  sensitivity  (class  VI  with  a  maximum  current  of  25  mll¬ 
llamps),  we  may,  with  the  use  of  this  same  sensor,  measure  accelera¬ 
tions  in  the  range  of  +20  g  with  a  sensitivity  of  5  mm/g. 

A  natural  frequency  of  a  sensor  of  200  cps  which  permits  measure¬ 
ment  of  the  harmonic  fluctuations  of  an  acceleration  with  a  frequency 
higher  than  70  cps  has  in  many  cases  proved  to  be  insufficient.  To 
build  higher-frequency  sensors,  it  is  necessary  to  search  for  means  of 
Increasing  their  sensitivity;  this  may  be  achieved  by  several  methods. 
The  first  method  consists  in  the  use  of  strain-gage  pickups  made  of 
materials  with  large  deformation  effects:  Chromel  (y  ■  2.8),  Ellnvar 
(y  ■  3. 6) ,  and  a  five  percent  platinum-iridium  tflre  {y  >  3. 1).  The 
second  method  consists  in  design  inqprovements  ajnd  an  increase  in  the 
number  of  operating  strain-gage  pickups;  the  third  consists  in  using 
unglued  wire-wound  resistors. 

The  first  method  is  the  slaq;>lest,  but  requires  a  special  tfire 
which  is  not  always  on  hand. 
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Pig.  31.  Sensor  with 
Increased  sensitivity. 


The  second  method  le  also  not  compli¬ 
cated  and  may  be  used  by  changing  the  de¬ 
sign  of  the  acceleration  sensor.  In  this 
sensor«  there  are  two  similar  cantilever 
beams,  one  end  of  each  of  which  Is  fast¬ 
ened  to  a  single  support.  The  weights  fast¬ 
ened  at  the  free  ends  also  have  equal 
masses.  Wire -wound  resistors  are  fastened 
on  the  two  be&ns  and  are  connected  to  one 
bridge  In  such  a  manner  that  when  the 
beams  bend  to  one  side,  the  bridge  acquires 
a  maximum  Imbalance  (Pig.  31) •  The  dancing 


t. 


Pig.  32.  Daniplng  vibrations  of  sensor 
with  two  beams. 


vibrations  of  this  sensor  which  are  excited,  for  example,  by  an  Isqpaet 
on  the  casing,  will  have  pulsations  (Fig.  32)  which  are  caused  by  the 
different  natural  frequency  of  the  beams.  Dan^^lng  the  sensor  will  free 
It  of  the  natural  frequency  vibrations  but  In  measuring,  the  pulsa¬ 
tions  may  IntzKiduce  amplitude  errors;  therefore,  these  aust  be  elim¬ 
inated  by  prolonging  the  beat-frequency  period.  Oils  effect  can  be 
achieved  by  selecting  the  lengths  and  masses  of  the  weights  so  that 
their  vlbratlcm  fi'equencies  coincide  or  become  vwrar  close. 

To  Increase  the  sensitlvi^,  we  may  use  desigiis  in  which  the  de- 


formation  of  the  strain-gage  pickups  Is  Increased.  In  these  designs 
(Pig*  33)#  the  wire-wound  strain-gage  pickups  are  glued  not  on  the 
spring  bearing  the  weight «  but  on  thin  strips  of  brass  or  bronze  foil 
connecting  the  weight  with  the  base  of  the  sensor  and  forming  a  rigid 
closed  triangle.  The  Inertial  force  of  the  mass  of  the  weight  will 
elongate  one  strip  and  compress  the  other.  In  order  that  the  strips 
cannot  be  unloaded  on  conqpresslon,  they  should  be  pretensioned;  this 
Is  guaranteed  by  a  corresponding  device  In  the  sensor  design.  The  same 
device  is  used  to  eliminate  the  pulsations. 

One  similar  design  had  a  natural  frequency  of  1430  cps  and  a  sen¬ 
sitivity  approximating  that  of  a  sensor  with  a  natural  frequency  of 

An  even  greater  degree  of  sensitivity  may  be 
obtained  in  the  design  described  above  lAilch  con¬ 
sists  of  installing  unglued  wire-wound  resistors 
in  place  of  the  foil  strips.  In  this  case,  the  wire 
of  the  strain -gage  pickup  Is  wound  directly  on  a 
manifold  on  the  weight  and  the  base.  In  this  de-. 
alffCi,  the  sensitivity  Is  Increased  at  the  expense 
of  greater  wire  deformation.  In  addition,  a 
heavler-gage  wire  (with  a  diameter  from  0.03  to  0.06  vm)  may  be  xised 
for  the  winding;  this  permits  an  Increase  In  the  feed  voltage  to  the 
measuring  bridge. 

A  disadvantage  of  the  unglued  wire-wound  realstors  la  their  hl|^ 
sensitivity  to  the  slightest  vibrations  of  the  air,  idileh  cause  unsta¬ 
ble  readings  on  the  recording  Instrument  and  make  It  difficult  to 
balanee  the  bridge.  Thla  makes  the  sensor  useful  only  In  cases  where 
the  entire  system  Is  placed  In  a  daaq>lng  liquid.  In  this  ease,  tlw 
readli^s  of  the  Instrument  are  eoag>letely  stabilised.  A  further  dla- 
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about  30  cps. 


Fig.  33*  Dia¬ 
gram  of  high- 
frequency  sen¬ 
sor. 


advantage  of  these  sensors  la  their  low  strength  and  the  possibility 
of  breaking  the  wire  on  dropping,  shock,  etc. 

This  drawback  is  avoided  by  introducing  Into  the  design  an  ar> 
resting  device  which  baclcs  up  the  elastic  systesi  of  the  sensor. 


Fig.  Calibration  of  linear  accel¬ 
eration  sensors. 


It  is  best  to  calibrate  the  sensor  before  each  aeasurenent  for 
the  measurement  of  small  linear  accelerations.  To . calibrate  in  the 
2  g  range,  there  must  be  made  a  metallic  cube  whose  sux^ces  are 
rigidly  perpendicular  to  each  other. 

Placing  this  cube  level  so  that  the  upper  face  is  horisontal,  a 
sensor  is  placed  on  it  and  its  null  reading  is  not^.  Turning  the  cube 
about  the  face  perpendicular  to  the  vibration  plane  of  the  sensor  in 
both  directions,  we  obtain  90^  inclinations  of  the  sensor  and  a  read¬ 
ing  that  corresponds  to  1  g  (Fig.  3^). 
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Thus,  we  may  calibrate  sensors  with  high  sensitivity  which  are 
intended  for  the  measurement  of  small  accelerations.  For  high-fre> 
quency  sensors  with  low  sensitivities,  the  deviation  of  the  light  in¬ 
dicator  of  the  oscillograph,  which  corresponds  to  1  g,  will  be  small, 
and  when  employing  the  Indicator,  significant  errors  may  be  present. 

It  is  better  to  calibrate  the  high-frequency  sensors  on  special 
Installations.  This  equipment  may  be,  for  example,  a  rotating  hori¬ 
zontal  disk  or  bar  at  the  end  of  which  Is  placed  a  sensor  connected  to 
the  measuring  Instrument  by  conta Jt  rings.  Knowing  the  distance  r  from 
the  center  of  rotation  to  the  center  of  gravity  weight  of  the  sensor, 
and  measuring  simultaneously  the  angular  velocity  of  the  rotating 
disk,  by  sensor  readings,  we  can  determine  the  acceleration  from  the 
formula 

a  ■  m^r. 

The  value  of  such  a  calibration  is  the  possibility  of  attaining 
extremely  large  accelerations.  The  disadvantage,  however,  is  the  ne¬ 
cessity  of  having  a  current  pickup,  as  well  as  the  considerable  dimen¬ 
sions  of  the  pickup  Itself.  It  is  also  necessary  to  provide  a  smooth 
and  even  rotation  of  the  apparatus,  nils  method  may  be  used  to  cali¬ 
brate  sensors  that  permit  the  use  of  static  calibration. 

The  calibration  of  linear  acceleration  sensors  may  also  be  acc(xn- 
pllshed  by  the  use  of  a  mechanism  of  which  one  linkage  has  a  recipro¬ 
cating  motion.  Such  a  mechanism  Is,  for  example,  a  crankgear. 

Figure  3^19  shows  a  curve  for  the  dependence  of  the  acceleration 
of  a  central  crankgear  slidebar  with  a  ratio  of  r/1  ■  0.3  on  the  de¬ 
flection  angle  of  th'e  oi«nk.  On  the  portion  corresponding  to  the  de¬ 
flection  angle  of  the  crank  frcm  l40  to  220^,  the  acceleration  of  the 

o 

slidebar  Is  constant  and  Is  0. 7  u)  r.  This  rectilinear  portion  of  the 
acceleration  curve  may  be  used  to  calibrate  sensors.  The  acceleration 
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of  the  slidebar  Is  1.3  point  vihlch  corresponds  to  the  zero 

position  of  the  crank. 

This  point  may  also  be  utilized  for  low-speed  calibration.  For 
high-speed  calibration,  the  ordinate  of  the  peak  Is  read  with  less  ac¬ 
curacy;  consequently.  It  Is  considerably  more  convenient  to  use  the 
rectilinear  portion  of  the  curve  In  the  case  In  question.  Thus,  the 
slidebar  of  the  crankgear  with  a  ratio  of  the  crank  radius  to  the  con¬ 
necting  rod  of  r/l  *  0.  3  niay  be  employed  to  calibrate  sensors  used  to 
measure  linear  accelerations.  Knowing  r  and  determining  T  from  the  os¬ 
cillogram,  we  find  the  magnitude  of  the  acceleration 


and  the  maximum  acceleration 


fli  =  0.7*  ^ 


a,  =  1,3* 

T* 


this  acceleration  corresponds  to  the  zero  position  of  the  crank. 

Dividing  the  acceleration  thus  obtained  by  the  ordlnate{ln  milli¬ 
meters},  we  obtain  the  measurement  scale 

2 

it  -28.  jUsSS. 

kg  kt  mm 

Figure  35  shows  an  oscillogram  of  the  displacement,  velocity  and  ac¬ 
celeration.  of  a  crankgear  slidebar  with  a  ratio  r/l  »  0. 3>  from  which 
It  Is  apparent  that  the  rectilinear  portion  of  the  acceleration  curve 
may  be  readily  measured. 

For  calibration,  the  "sine”  mechanism  may  be  used  (Fig.  3^c);  In 


this  case 


a  f. 

.r* 


Where  the  dimensions  of  the  mechanism  are  large  and  the  veloci¬ 


ties  high,  we  may  obtain  large  accelerations  but.  In  this  case,  diffi¬ 
culties  are  created  due  to  the  friction  of  the  slidebar  and  the  clear¬ 
ances  at  the  Joints.  The  choice  of  clearances  produces  peaks  on  the 


Pig-  35.  Oscillogram  of  crankgear  slide - 
bar  parameters,  l)  Displacement;  2)  ve¬ 
locity;  3)  acceleration. 

acceleration  curve,  while  the  friction  gives  rise  to  unstable,  non¬ 
periodic  vibrations  vdilch  decrease  the  accuracy  of  the  reading.  Dy  de¬ 
creasing  the  friction  of  the  slidebar,  we  may  Improve  the  conditions 
and  the  accuracy  of  the  sensor  calibrations  considerably.  Calibrations 
of  Instniments  with  crankgears  or  sine  mechanisms  are  convenient  be¬ 
cause  the  amplitudes  of  the  vibrations  In  them  have  constant  magni¬ 
tudes.  The  values  of  the  acceleration  and  the  sensor  scale  are  read  di¬ 
rectly  from  the  oscillogram.  Ihe  disadvantages  mentioned,  however, 
limit  the  application  of  these  mechanisms  to  accelerations  of  not  more 
than  15  to  20  g  at  frequencies  In  the  nelghbozhood  of  50  cpe. 

Vibrating  tables  may  also  be  used  for  calibration.  The  presence 
of  gears.  Joints,  and  sliding  couples  In  their  designs,  however,  su- 
I)erlmpo8e8  on  the  basic  acceleration  curve  unstable  vibrations  that 
m^e  analysis  of  the  oscillogram  difficult.  Ve  can  obtain  a  higher 
freq:uency  on  vlbrotables  than  on  mechanical  equipment,  but  Uiey  still 
generally  require  measurement  of  the  vibration  amplitudes;  this  some¬ 
times  causes  difficulty  when  the  aiq;>lltudes  are  small,  (hily  vibrators 
with  elastic  components  produce  smooth  acceleration  curves. 


In  installations  in  which  the  sensor  apparatus  was  on  a  canti* 
lever  beam  in  which  natural  vibrations  were  excited,  the  acceleration 
oscillogram  of  these  vibrations  had  a  smooth  form.  Since,  in  this 
case,  backlashes  and  friction  were  absent,  the  accelerations  obtained 
were  without  distortions.  The  cantilever  beam  may  be  used  to  cali¬ 
brate  linear  acceleration  sensors. 

If  a  wlre-wotind  strain-gage  pickup  which  measures  the  beam  de¬ 
flection  or  vibration  as^litudes  is  glued  to  a  beaun,  we  may  determine 
the  magnitude  of  the  maximum  acceleration  i)f  the  vibrations  of  the 
beam.  For  this  purpose,  it  is  necessary  to  record  the  deflection  of 
the  beam  and  the  vibration  accelerations  simultaneously  and  to  deter¬ 
mine  the  amplitude  corresponding  to  the  selected  vibration.  Since  the 
beam  performs  harmonic  vibrations,  the  maximum  ordinate  of  the  accel¬ 
eration  curve  on  the  oscillogram,  which  corresponds  to  the  given  vi¬ 
bration,  will  express  the  linear  acceleration 

where  oi  is  the  angular  frequency  of  the  vibrations  of  the  beam  and  hQ 
is  the  beam  deflection  that  corresponds  to  the  given  amplitude  of  the 
acceleration. 

The  vibration  period  T  is  determined  on  the  same  oscillogram 
from  the  time  marker. 

It  is  better  to  excite  vibrations  in  the  cantilever  beam  not  with 
an  electric  motor  with  Imbalances,  but  with  a  small  pneumatic  turbine 
with  an  unbalanced  load,  since  the  sparking  on  the  comsutator  of  an 
electric  motor  situated  .hear  the  sensor  greatly  alters  the  reading.  A 
pneumatic  turbine  will  not  create  such  disturbances.  The  available 
cantilever  beams  with  pneumatic  excitation  made  it  possible  to  obtain 
a  vibration  freqpimncy  up  to  100  cps  at  a  maximum  acceleration  from  25 
to  30  g. 
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Electromagnetic  vibrating  tables  are  widely  used  to  calibrate  and 
to  record  the  characteristics  of  vibrcmieters  and  accelercHseters.  There 
are  vez^  many  designs  for  these  tables  [7]*  Their  characteristic  prop* 
erty  is  the  possibility  of  obtaining  harmonic  vibrations  over  a  wide 
frequency  range  and  in  an  accurate  form.  There  are  tables  tdiich  enable 
us  to  obtain  vibrations  with  freq[uencie8  up  to  10  kcps.  The  table  vi¬ 
brations  are  excited  by  a  sound  generator  which  feeds  the  windings  of 
a  coll  which  vibrates  in  the  field  of  a  stationary  magnet.  The  fre¬ 
quency  of  the  vibrations  is  readily  determined  from  the  generator  dial 
or  from  the  oscillographic  reading.  Vibration  amplitudes  of  the  order 
of  0. 1  mm  can  be  measured  successfully  from  bluib?inc  of  the  image  of 
a  glued,  fine  (0. 03  nan),  bare  wire  with  the  aid  of  a  gaging  micro¬ 
scope.  At  higher  frequencies,  the  amplitudes  of  the  table  vibrations 
become  negligibly  small  and  can  be  measured  by  means  of  an  interferom¬ 
eter.  The  technique  of  such  measurements  is  complex  and  cannot  always 
be  used  in  laboratory  practice.  Using  the  amplitude  measurements  from 
the  first  method,  we  can  obtain  accelerations  of  the  order  of  from  200 
to  300  g  at  a  frequency  from  2  to  3  kcps  on  similar  tables. 

7.  MEASUREMENT  OP  IMPACT  ACCELERATIONS 
Impact  accelerations  are  specific.  The  curves  of  the  inqpact  pa¬ 
rameters  have  unique  and  well-defined  forms  of  fluctuations  idilch  oc¬ 
cur  in  ten  euid  one-hundred  thousandths  of  a  second.  The  measurement 
and  recording  of  such  processes  require  special  sensors,  aiqpllflers, 
and  recording  instruments.  ... 

The  sensors  should  have  a  high  natural  frequency,  the  amplifiers 
a  wide  transmission  band,  and  the  recording  apparatus  should  be  with¬ 
out  inertia  and  adapted  to  record  curves  of  the  type  indicated  above. 

A  sensor  which  measures  impact  accelerations  is  an  essential  part 
of  the  apparatus  and  the  greatest  attenticm  must  be  paid  to  it  because 
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it  differs  essentlslly  from  the  sensors  described  earlier. 

With  Its  apparent  slu^llelty,  the  impact  process  turns  out  to  be 
complex.  On  Impact,  vibrations  arise  in  the  colliding  components;  re¬ 
peated  impacts  with  smaller  accelerations  occur.  All  these  vibrations 
and  impacts  excite  vibrations  in  the  connected  components  which  are 
transmitted  to  the  measuring  instrument  and  excite  resonant  vibrations 
of  various  harmonics  in  it.  As  a  result,  an  oscillogram  is  obtained 
with  complex  vibrations  of  different  frequencies  between  which  it  is 
difficult  to  distinguish. 

Figure  36  shows  the  Impact  of  a  rod  falling  vertically  onto  a 
steel  plate,  which  Is  recorded  by  the  contact  method  with  a  cathode-ray 
oscillograph.  On  contact  of  the  rod  with  the  plate,  an  electric  circuit 
Is  closed  and  the  beam  is  deflected  toward  the  vertical. 

After  one  fall  of  the  rod,  several 
collisions  result  which  are  recorded  as 
straight  lines,  the  time  between  which 
becomes  shorter  with  each  collision  as 
the  time  of  the  collision  Increases. 

If  we  record  the  movements  of  this 
rod  (Fig.  3?)  during  its  fall  and  the  Impact  accelerations,  an  oscil¬ 
logram  is  obtained  on  which  the  rebounds  and  decreasing  magnitude  of 
acceleration  aire  clearly  visible. 

The  impact  accelerometers  intended  for  measurement  of  very  short- 
time  accelerations  are  instruments  with  Inertial  elements. 

The  mechanical  characteristics  of  an  impact  acceleration  sensor 
should  correspond  to 'the  ingmict  characteristics;  this  refers  primar¬ 
ily  to  the  natural  frequency  of  the  sensor. 

In  order  to  solve  the  problem  relating  to  the  required  i^atural 
frequency  of  the  s«isor,  we  must  consider  and  determine  the  parameters 
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Fig.  36.  Impact  recorded 
by  contact  method. 


of  the  Impact  itself  and«  in  particular,  the  duration  of  the  colli¬ 
sion. 

The  problem  of  collision  duration  has  been  examined  in  literature 
many  times.  One  of  the  later  studies  in  this  field  has  been  the  work 
of  B.M.  Malyshev  which  was  printed  in  the  Herald  of  the  Moscow  Univer¬ 
sity,  No.  5  (1952).  In  connei  ;lon  with  the  problem  under  considera¬ 
tion,  of  verifying  the  correctness  of  calculations  made  by  the  hypo¬ 
theses  of  Saint  Venant,  Hertz,  and  others,  an  apparatus  was  con¬ 
structed  which  was  capable  of  councinc  one  one-hundred  thousandths  of 
a  second,  with  the  aid  of  a  generator  and  an  electronic  counter. 


Fig>  37.  Displacement  and  accelera¬ 
tion  of  falling  rod  on  impact.  1) 
Displacement  of  rod;  2)  recording 
of  acceleration  sensor.  A)  O.36  sec¬ 
ond. 
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Fig.  38.  Osolllograa  of  oollisloh  du¬ 
ration.  1)  0.00055  ssooikSi  2) 

0.000645  taecmd. 


Flg>  39*  Deformation  (l)  and  acceleration  (2) 
curves  on  Impact. 


The  collision  time  was  determined  for  steel  rods  and  spheres. 

The  durations  of  the  rod  collisions  were  determined  In  the  range  from 
600  to  780  microseconds  as  a  function  of  the  rod  lengths.  The  sphere 
Impacts  were  considerably  shorter  with  respect  to  time  and  were  In 
the  range  from  20  to  I60  microseconds  at  collision  velocities  of  from 
60  to  .0.9  m/sec. 

To  convert  the  values  for  collision  durations  to  acceleroTOter 
frequencies.  It  was  also  necessary  to  determine  the  form  of  the  accel¬ 
eration  change  on  Impact. 

To  solve  these  problems,  several  experimental  Installations  were 
built.  The  first  was  a  rod  with  an  accelerometer  located  on  It.  Hhe 
rod  was  raised  by  a  cam  to  a  height  of  3  cm  and  fell  fz*eely  onto  a 
doubly-supported  removable  beam  of  varying  rigidity. 

The  problem  of  collision  time  was  solved  by  the  contact  method 
mentioned  above.  To  measure  the  time  of  the  first  contact.  It  was  ne- 
ceBBary  to  Increase  the  velocity  of  the  paper  on  which  the  Impact  was 
recorded  to  30  m/sec  with  a  simultaneous  recording  of  the  time.  The 
oscillogram  obtained  In  this  case  had  the  form  shown  In  Fig.  38* 

The  duration  of  certain  types  of  oolllsl<m  Is  given  below  In  sec¬ 
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onds 


0. 00022 


Two  steel  spheres 

Rod  and  steel  plate  .  0.00037 

Rod  and  most  rigid  beam .  0.00046 

Rod  and  least  rigid  beam  . .  0.00079 

Rod  and  non-rigid  beam . . 0. 00147 

The  collision  time,  as  is  known,  is  the  sum  of  the  time  of  defor¬ 
mation  increase  on  Impact  and  the  time  of  the  deformation  decrease. 
Generally  speaking,  the  time  of  increase  and  the  time  of  decrease  are 
unequal,  and  the  time  of  Increase  Is  usually  somewhat  shorter  than  the 
time  of  decrease,  although  this  is  dependent  to  a  considerable  degree 
upon  the  conditions  of  the  experiment  and  the  rigidity  of  the  collid¬ 
ing  bodies.  To  resolve  the  question  of  the  required  frequency  of  the 
sensor  to  measure  accelerations,  it  may  be  assumed  that  the  time  of 
Increase  is  equal  to  one -half  the  contact  time  and  that  the  increase 
and  decrease  curve  can  be  represented  by  a  portion  of  a  sine  curve. 
Pig.  39  describes  the  beam  deformation  and  acceleration  curves  ob¬ 
tained  on  Impact  which  confirm  this  chsu?acteristic  of  the  curves.  Much 
information  may  be  gotten  from  these  curves.  On  this  basis,  we  can  as- 
svune  that  the  contact  time  on  l]iQ>act  is  determined  to  be  one-half  the 
period  of  the  sinusoidal  process.  The  period  of  the  natural  vibrations 
of  a  sensor  used  to  meastire  accelerations,  keeping  in  mind  the  diffi¬ 
culty  of  damping  a  sensor,  should  be  shorter  by  at  least  a  factor  of 
ten.  On  the  basis  of  the  measurements  and  assumptions  made,  it  is  pos¬ 
sible  to  confirm  that  to  measure  the  shortest  impact  acceleration.  It 
is  necessary  to  have  a  sensor  with  a  frequency  not  lower  than  25  kcps. 

nnis,  for  the  measurement  cases  cited  above,  it  is  necessary  to 
have  acceleration  sensors  with  the  following  natural  frequencies: 
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The  data  on  collision  duration 
can  be  used  to  determine  an  accel« 
eratlon  under  the  condition  that  the 
magnitude  of  the  velocity  at  the  mo¬ 
ment  of  collision  Is  knom. 

1)  Contact  duration,  sec;  2)  If  we  assume  that  the  velocity 

natural  frequency  of  sensor, 

cps  (not  lower).  of  a  colliding  body  goes  from  a  max¬ 

imum  value  to  zero  over  a  period  of 

one-half  the  collision  time. 


In  our  case,  the  height  of  the  fall  of  the  rod  was  5  cm.  Ihe  ve¬ 
locity  at  the  end  of  this  path  v  *  /^2gH  is  ~1  m/sec.  Therefore,  the 
acceleration  of  an  impact  on  a  beam,  which  has  a  duratlcm  t^  ■ 
a  0. 000b  sec ,  Is  •250  g. 

Of  course,  this  method  is  Inaccurate,  since  an  error  of  only 
0.0001  second  in  the  measurement  of  the  coIIIsIot  time  will  produce 
a  difference  of  20  g  in  the  acceleration,  1.  e. , 

8.  SENSORS  FOR  MEASUREMENT  OP  IMPACT  ACCELERATION 
If  the  Impact  characteristics  and  requirements  of  the  Impact  ac¬ 
celeration  sensors  are  known,  the  problem  of  fabricating  these  sensors 
reduces  to  a  search  for  designs  which  have  sufficient  elasticity,  high 
natural  frequency,  and  sliq;>le  form,  and  which  would  guarantee  the  ab¬ 
sence  of  the  vibrations  which  acc«ig>any  the  fundamental  vibrations* 
Figure  40  shows  several  Isqpact  acceleration  sensors  which  yere 
built  and  tested.  They  all  use  wire-wound  strain-gage  pickups  as  the 
sensitive  elements.  Although  the  designs  In  sehesMS  1  and  2  were  suf¬ 
ficiently  sensitive,  on  Impact,  the  vibratimis  of  the  stands,  casings, 
and  bases  of  the  sensors  Introduced  many  additional  vibrations  whlA 


greatly  contaminated  the  fundamental  vlbratlona;  these  designs  were 
rejected  for  this  reason.  The  sensors  In  schemes  3  and  4  are  designs 


Fig.  4l.  Diagrams  of  plezooeraoilo  sensors. 

In  which  the  sensitive  elastic  meitber  Is  pretensioned  (3)  or  precon- 
pressed  (4). 

The  sensor  with  the  pretensioned  system  has  a  natural  frequency 
of  17,000  cps  and  Is  sufficiently  sensitive.  The  sensor  under  Initial 
compression  la  more  simple  to  adjust,  but  Is  awkmrd  to  use. 
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Where  the  natural  frequencies  are  of  the  same  order «  the  sens!* 
tlvlty  of  the  precompressed  sensor  is  higher  than  that  of  the  preten- 
sloned  sensor. 

The  two  last  sensors  are  the  most  highly  perfected.  The  first  (5) 
is  a  steel  or  bronze  oval  with  a  weight  In  the  center  portion  which  Is 
attached  to  the  component  by  means  of  a  screw.  The  entire  sensor  Is 
made  of  one  piece  of  metal.  Wlre>wound  strain-gage  pickups  which  meas¬ 
ure  deformations  on  Impact  are  glued  on  the  Internal  and  external  lat¬ 
eral  surfaces.  The  natural  frequency  of  the  sensor  can  vary  as  a  func¬ 
tion  of  the  dimensions  of  the  oval  and  the  weight.  For  sensors  made 
from  steel  in  the  machine  dynamics  laboratory,  the  natural  frequency 
was  3150  cps.  By  Increasing  the  dimensions  of  the  oval,  the  natural 
frequency  may  be  Increased  fran  4  to  5  kcps.  Sensors  of  larger  dimen¬ 
sions  with  higher  natural  frequencies  have  low  sensitivities. 

The  last  (6)  Is  a  higher-frequency  sensor;  It  Is  also  made  of  one 
piece  of  steel  or  bronze  and  has  a  barrel-shaped  form.  The  lateral 
surface  Is  divided  Into  an  equal  number  of  sections  by  slde-to-side 
notches.  Strain-gage  pickups  are  glued  on  the  Inside  and  outside  of 
all  or  half  of  these  sections,  forming  one-half  of  the  measuring 
bridge.  A  sensor  was  attached  to  the  member  with  a  screw.  A  variable 
weight  was  screwed  into  the  top  section  of  the  barrel -shaped  body. 

For  the  bronze  sensor  with  an  outside  diameter  of  45  mm  and  a 
height  of  40  mm  with  a  I50  g  weight,  the  natural  frequency,  was  ap¬ 
proximately  10  kcps.  The  more  severe  Inlets  are  measured  with  this 
sensor. 

In  order  to  obtain  Impact  acceleration  sensors  with  higher  nat¬ 
ural  frequencies,  plezoceramlos  made  of  barium  titanate  must  be  used 
Instead  of  wire-wound  strain-gage  pickups  as  the  sensitive  elenrants  in 
the  sensors.  Since  they  have  a  high  sensitivity,  plezoceramlos  are  now 
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widely  used  In  measuring  techniques. 

Ceramics  made  of  polycrystal  barium  tltanate  [23]  are  produced  by 
pressing,  firing,  and  polarization  In  a  hlgh«voltage  field.  Like  other 
piezoelectric  materials,  the  magnitude  of  the  charge  arising  on  the 
surface  of  the  plezoceramlc  Is  proportional  to  the  applied  pressure. 

A 

Ceramic  Is  rigid  and  can  be  loaded  to  BOO  kg/cm  with  the  deformation 
of  0. OOOlJa.  Due  to  the  brittleness  of  ceramic,  the  accuracy  require* 
ments  of  the  surfaces  which  bear  on  the  ceramic  surfaces  are  strict, 
because  the  appearance  of  local  pressures  may  lead  to  breaking  of  the 
plezoelement.  The  piezoelectric  constant  of  barium  tltanate  ceramic 
(equal  to  2. 5* 10*^)  Is  less  than  that  of  Rochelle  salt,  but  Is  consid¬ 
erably  greater  than  that  of  quartz. 

The  sensitivity  of  ceramic  changes  with  changing  temperature  by 
approximately  0.15$^  for  each  degree,  and  at  temperatures  of  -^*^0  and 
+iOO®C,  the  polarization  disappears.  The  humidity  also  strongly  Influ¬ 
ences  the  sensitivity. 

Plezoceramlc  sensors  are  used  mainly  where  short-time  pressures 
and  accelerations  are  to  be  measured. 

Figure  4l  s.iows  several  designs  of  sensors  used  to  measure  maxi¬ 
mum  Impact  accelerations. 

The  first  sensor  ^nploys  two  ceramic  disks  each  with  a  diameter 
of  10  ran  and  a  thickness  of  4  ran.'  A  contact  plate  made  of  thin  brass 
foil  with  a  well  Insulated  output  Is  placed  between  the  two  disks. 
Scraetlmes  this  plate  Is  Interchanged  with  a  metal  d^k  of  apfxroxl-^ 
mately  the  same  dimensions  m  the  ceramic  disks.  In  these  eases,  the 
plate  plays  the  role  of  the  Inertial  element.  The  weight  is  more  fre* , 
gently  superliqposed  as  In  the  case  shown  <m  the  dlsgrera.  A  nieessary 
element  In  this  desl^fi  Is  iui  elastic  element  In  the  fom  of  a  muring, 
mmbrane  or  other  material,  which  compresses  the  eeramle  and  the 


weight.  The  depressing  force  of  the  spring  must  be  greater  than  the 
Inertial  force  of  the  weight  on  Impact.  If  this  Is  not  true,  at  the 
moment  of  Impact,  the  weight  may  separate  from  the  ceramic  and  alter 
the  reading. 

The  connection  of  the  sensor  to  a  component  must  be  rigid  and 
should  not  permit  any  change  on  Impact. 

A  sensor  made  on  the  basis  of  this  scheme  had  a  high  natural  fre« 
quency  (more  than  20  kcps)  and  a  high  sensitivity  (approximately 
20  mllllvolts/g),  but  the  presence  of  the  casing,  spring  and  other 
components  introduced  many  additional  vibrations  Into  the  recording 
and  complicated  the  recording  on  the  oscillogram. 

In  scheme  2,  the  ceramic  element  was  made  in  the  form  of  a  collar 
with  a  diameter  of  25  mm,  a  thickness  of  2. 5  nim,'  and  a  center  opening 
of  5  mm.  A  weight  attached  by  an  Insulated  screw  was  located  on  the 
collar.  In  this  case,  the  absence  of  a  casing  produced  a  smoother  re¬ 
cording  on  the  oscillogram. 

The  sensor  of  scheme  3  Is  distinguished  from  the  preceding  sen¬ 
sors  by  the  fact  that  here,  the  weight  and  the  ceramic  are  glued  to 
the  base.  Such  bracing  simplifies  the  design  and  decreases  the  demands 
for  machining  of  the  base  and  weight  surfaces  that  cone  In  contact 
with  the  ceramic.  Since  the  strength  of  the  glue  may  be  found  Inade¬ 
quate  .under  large  accelerations,  the  dimensions  of  the  ceramic  and  the 
weight  of  glued  sensors  are  made  as  small  as  possible. 

One  of  the  principal  drawbacks  of  ceramic  sensors  Is  their  lat¬ 
eral  sensitivity  to  action  In  the  plane  perpendicular  to  the  direction 
of  measureswnt;  this  can.aisount  to  20-25$(. 

In  the  foreign  literature  and  In  the  studies  of  several  of  our 
institutes  and  laboratories  (for  example,  TsNimiASh  [Central  Scien¬ 
tific  aiwl  Research  Institute  of  Technology  and  Kachlne  (^nstruetlmi]). 


sensor  designs  may  be  found  In  which  the  lateral  sensitivity  Is  elim¬ 
inated  by  the  fact  that  the  take-off  of  the  charges  arising  on  the 
ceramic  vdien  It  is  under  pressure  Is  not  accomplished  from  the  front 
surfaces,  as  Is  usually  done,  but  from  the  side  surfaces.  In  making 
these  sensors,  the  ceramic  Is  polarized  in  the  usual  manner,  but  It  Is 
not  the  front  surfaces,  but  the  sides  frcmi  which. the  charges  are  taken 
off  which  are  coated  with  silver.  Sensors  made  on  the  bsusis  of  this 
scheme  (4  and  5  In  Fig.  4l)  were  tested  simultaneously  with  other 
types  of  sensors,  and  their  later^al  sensitivity  was  measured.  The 
tests  were  conducted  on  a  cantilever  beam,  the  vibrations  of  tdilch 
were  excited  by  a  vibrator  (a  small  direct -current  motor  with  unbal¬ 
anced  disks).  The  tests  weire  conducted  at  one  frequency,  eqtial  to 
100  cps.  A  sensor  was  arranged  on  a  rotating  device  which  enabled  us 
to  turn  the  sensor  throiigh  an  angle  to  the  direction  of  the  vibration 
of  the  beam.  The  vibration  amplitude  was  measured  on  the  screen  of  a 
loop  oscillograph  after  each  30°  rotation.  Ihe  results  of  the  measure¬ 
ments  for  the  sensors  In  scheme  2  shown  In  Fig.  4l  are  arranged  In  the 
form  of  a  polar  diagram  (Fig.  42). 

For  sensors  on  tdilch  the  charge  Is  taken  off  froai  the  lateral 
surface,  the  lateral  sensitivity  Is  decreased  almost  half,  and  occa¬ 
sionally  even  more.  The  sensitivity  of  these  sensors  in  a  straight 
line  Is  not  less  than  that  of  ordinary  sensors. 

The  accelerations  on  iaqpact  exceed  those  of  the  n<mia|>act  proc¬ 
esses  by  tens  of  tlsMs. 

It  Is  extremely  cc«q>lleated  to  obtain  an  accurate  value  for  a 
large  acceleration  under  laboratory  conditions.  Thus,  for  an  acceler¬ 
ation  of  1000  g.  It  Is  necessary  to  cause  a  calibrated  table  to  vi¬ 
brate  with  a  frequency  of  l60  cps  and  an  iBg>lltttde  of  10  ip.  At  first 
glance,  idealization  of  such  emdltlms  seem  uncc^pliMted}  however,  , 


In  order  to  carry  this  out,  we  are  required  to  use  a  great  deal  of 
power;  this  Involves  use  of  a  power  plant,  building  a  substantial 
foundation,  rigid  bracing,  etc. 

Under  ordinary  laboratory  conditions,  considerable  accelerations 
were  obtained  on  several  installations.  The  first  of  these  was  a  can¬ 
tilever  beam  with  a  length  of  approximately  300  mm,  a  width  of  60  mm, 
and  a  thickness  of  6  mm.  Wire-wound  strain-gage  pickups  were  glued  on 
the  beam  around  the  rigidly  secured  end  in  order  to  measure  the  de¬ 
flection  of  the  beam.  Calibration  of  the  deflection  was  carried  out 
statically  by  a  screw  and  a  time  indicator. 

A  calibrated  sensor  was  placed  at 
the  free  end  of  the  beam.  The  beam  was 
deflected  to  the  extent  of  approximately 
10  mm  by  a  special  lever,  after  which  the 
beam  was  separated  from  the  lever  and 
free  damped  vibrations  were  excited  in 
it.  The  amplitudes  and  accelerations  of 
these  vibrations  were  recorded  on  an  os¬ 
cillogram.  Knowing  the  initial  deflection 
of  the  beam,  it  is  possible  to  determine 
the  amplitude  for  each  vibration  and  calculate  the  frequencies  of  the 
vibrations.  The  maximum  acceleration  value  which  refers  to  the  corres¬ 
ponding  amplitude  of  an  acceleration  is  determined  from  these  values. 
The  acceleration  scale  will  be 


Fig.  42.  Sensitivity  of 
plezoceramlc  sensor  to 
acceleration  directed  at 
an  angle. 


T» 


where  r  is  the  aoqplitude  (deflection)  of  the  beam,  meters,  T  is  the 
period  of  one  vibration,  sec;  A  is  the  ordinate  of  the  maximum  aooel- 
eratlon,  mu  We  can  obtain  aeoeleratipns  with  magnitudes  of  150  g  on 
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this  api>aratu8. 

The  second  apparatus  Is  analogous  to  the  first,  but  with  not  one 
but  two  beans  connected  together  and  having  a  resemblance  to  a  tuning 
fork  being  employed.  Beams  with  dimensions  of  48o  X  100  X  12  mm  took 
the  form  of  a  beam  of  equal  resistance.  Such  a  design  permits  dissi¬ 
pation  of  the  vibration  energy  within  the  apparatus  and  does  not  per¬ 
mit  transmission  of  It  to  the  support;  this  was  observed  In  the 
former  design  and  gave  rise  to  vibrations  of  the  floor.  The  form  of  a 
beam  of  equal  resistance  was  selected  to  decrease  the  wedge -displace¬ 
ment  force  which  transmits  vibrations  to  the  beams  and  to  Increase  the 
natural  frequency.  A  calibrated  sensor  was  placed  on  the  end  of  one 
beam  and  a  weight  equal  to  the  weight  of  the  sensor  was  set  on  the 
other  end.  In  this  case,  a  curve  of  the  damping  vibrations  was  ob¬ 
tained  without  pulsations.  On  this  apparatus.  It  was  possible  to  ob¬ 
tain  accelerations  up  to  500  g.  On  It,  the  calibrations  of  the  plezo- 
ceramlc  acceleration  sensors  were  carried  out  at  a  frequency  of  ap¬ 
proximately  150  cps.  In  tracing  on  an  electronic  oscillograi^.  It  Is 
Impossible  to  make  a  static  calibration  of  a  beam  deflection  even 
though  we  are  restricted  only  by  the  value  of  the  deflection  obtained 
when  the  wedge  Is  pulled  out. 

These  disadvantages  limit  the  application  of  the  apparatus  to  the 
calibration  of  sensors  used  to  measure  comparatively  slowly-increasing 
accelerations  Uhloh  may  be  recorded  on  a  loop  oscillograph.  To  cali¬ 
brate  the  sensors  used  to  measure  sudden  Impact  accelerations.  It  Is 
necessary  to  use  another  type  of  apparatus,  for  example,  one  with  a 
ballistic  penduluBk 

9*  CALIBRATION  OP  IMPACT  ACCELEROMEXBRS 

The  calibration  of  aeceleraseters  used  to  measure  liqpaot  accel¬ 
erations  may  be  carried  out,  like  the  calibration  of  "ordlnaz^”  acoal- 
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erometerSf  under  conditions  of  forced  harmonic  vibrations,  on  a  vlbro* 
stand.  The  vlbrostand  must  create  vibrations  of  the  proper  form  and  of 
sufficiently  large  amplitude  at  frequencies  of  at  least  4  to  6  kcps, 
to  make  It  possible  to  attain  acceleration  of  several  hundx'ed  £  and 
more.  As  yet,  there  are  but  a  few  similar  stands;  therefore,  as  a 
substitute  (although  not  quite  the  equivalent) ,  we  propose  calibra¬ 
tion  by  the  use  of  a  ballistic  pendulum. 

The  ballistic  pendulixm  has  been  described  In  the  literature  [20] 
and  [4l].  Its  working  principle  Is  evident  fr<Mn  Pig.  43. 

The  frame  on  which  the  pendu¬ 
lum  is  erected  Is  made  of  steel 
angle  brackets  In  the  form  of  a 
truncated  tetradiedral  pyramid  with 
a  height  of  approximately  1  m.  The 
weights  are  metallic  cylinders  with 
a  diameter  of  70  mm  and  a  length  of 
230  mm,  each  of  vdilch  Is  suspended 
by  eight  threads  so  that  their 
movement  takes  place  as  far  as  pos¬ 
sible  In  one  plane.  The  masses  of 
the  weights  are  equal.  The  collid¬ 
ing  surfaces  are  made  of  tempered  steel.  In  the  rear  portion  of  the 
colliding  weight  Is  a  steel  Insert  by  which  the  weight  may  be  re¬ 
strained  by  an  electron^net.  The  electromagneb~may  be  shifted,  thus 
varying  the  velocity  of  the  colliding  weight.  In  calibration.  It  Is 
necessary  to  know  the  velocity  of  the  colliding  weight  Vq  and  to  re*, 
cord  the  acceleration  curve  as  a  function  of  time.  Obviously,  It  Is 
necessary  first  to  determine  the  natural  l^eqtieney  of  the  aeeelex*ome- 
ter  and  to  evaluate  the  collision  time  In  order  to  be  solidly  oon- 
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Fig.  43.  Simplified  diagram 
of  ballistic  pendulum.  1) 
Frame;  2)  threads;  3)  weights; 
4)  electromagnet. 


Fig.  44.  Determlna- 
tlon  of  accelera¬ 
tion  scale  on  Im¬ 
pulse  oscillogram. 


vlnced  of  the  accuracy  of  the  accelerometer 
readings. 

The  determination  of  the  acceleration 
scale  and  magnitude  of  acceleration  Is  lllus 
trated  in  Pig.  44  which  represents  a  portion 
of  an  oscillogram  obtained. 

V. 

If  we  place  the  scales  of  the  time  meats 
ureroent  and  the  acceleration  measurement 
on  the  oscillogram  so  that 


•  F 


Fig.  43.  Detailed  diagram  of  accelerosMter 
calibration  by  the  use  of  ballistic  pendu¬ 
lum.  1)  Contact  plates  for  velocity  meas¬ 
urement;  2}  stand  made  of  Insulating  ma¬ 
terial;  3)  leads  to  circuit  of  oscillograph 
synchronizer;  4)  accelerometer  being  cali¬ 
brated;  3)  plates  made  of  insulating  mate¬ 
rial;  6)  sliding  contact.  EO)  Oscillograph 
plates;  ZO)  standard  frequency  gmerator; 
iff)  cathode  follower;  y)  ssgillfier;  f)  fil¬ 
ter  Mhich  suppresses  standard  frequMiey. 

t  -  k^s;  a  - 


then  obviously 


*<• 

t»,  =.  j  a-dt  kjtt  I  y  dt  ^  M/m 


Fig.  46.  Example  of  calibrated  oaclllo- 
gram.  1)  Impulse  acceleration;  2)  recoil 
of  velocities  and  collision  times;  3) 
calibration  voltage  for  determination  of 
accelerometer  sensitivity. 


therefore, 

-  -a-. 

V. 

and  the  acceleration  in  Impact  is 

When  detennlnlng  k^,  it  is  most  difficult  to  calculate  Fq.  It  is 
better,  of  course,  to  make  a  gra^diic  integration.  If  the  curve  y(s)  is 
closely  similar  to  a  semisinusoid,  then  Pq  «  )K>wever,  it 

suggests  the  curve  e”®  *  ,  then  The  principal  error  of 

the  calibration  arises  precisely  at  this  stage* 

Ihe  time  scale  k^  is  deterainsd  by  the  usual  method  fron  the 
stazKlard  frequency.  The  velocity  Vq  Is  generally  calculated  frosi  the 
angle  qf  deviation  and  the  lengtiui  of  the  threads.  But  this  is  not  a 
very  accurate  and  convenient  method.  The  ballistic  pei^lia  of  the  ma- 
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Fig.  47.  Nciacgram  fcr  determination  of  acceleration  of  har¬ 
monic  vibratory  motion.  1)  Amplitude  of  vibrations ,  ran;  2) 
acceleration,  jj;  3)  frequency,  cps;  4)  angular  frequency  a>, 
radians/see. 

chine  dynamics  laboratory  was  provided  with  a  simple  arrangement  for 
recording  the  time  and  the  velocity  v^,  as  well  as  the  velocity  of  the 
second  weight  on  the  screen  of  a  double-beam  oscillogra|di.  This  ar¬ 
rangement  is  depicted  schematically  in  Pig.  45,  and  the  osclllc^raa 
obtained  is  shown  in  Pig.  46  (for  convenience  of  description,  the  time 
scale  is  condensed  at  the  individual  points). 

In  the  arrangement  for  velocity  determination,  the  contact 
plates  each  consist  of  two  parts  so  that  varlaticms  in  the  diawnsiom 


of  a  movable  contact  do  not  show  in  the  results.  In  reading,  the  time 
is  taken  tvfm  the  first  to  the  secmd  circuit  olosii^s  (t^  and  t^)  or 
from  the  first  and  secmd  openings  (t'^  and  t'g).  The.  coirespoadlns 
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Fig.  48.  Nomogram  for  design  of  accelerometers.  1)  t,  cps;  2) 
steel.  Dural;  3)  bronze;  4)  brass,  Mlcarta;  5)  brass,  bronze; 
6)  steel;  7)  Dural;  8)  Hlcarta. 


Fig.  49.  Diagram  of  use  of  nomogram  shown 
In  Fig.  48.  1)  aiven;  2)  bronze;  3)  an¬ 
swer.  . 


Intervals  on  the  plates  are  also  measured  on  the  basis  of  the  olreult 
closings  by  a  movable  contact  which  is  shifted  with  a  micrometer 
screw.  A  standard  frequency  generator  creates  iwtlceahle  settli^s  on 
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the  two  channels;  therefore «  a  filter  In  the  fom  of  a  double  T- 
shaped  bridge ,  which  Is  tuned  to  this  frequency.  Is  connected  between 
the  amplifier  to  the  accelerometer  and  the  osclllograj;^.  A  small  set¬ 
ting  on  the  channel  of  the  velocity  and  time  of  Impact  recordings, 
however,  only  aids  when  the  oscillogram  Is  processed.  A  calibrated 
voltage  of  lower  frequency,  which  Is  supplied  to  the  amplifier  to  de¬ 
termine  the  voltage  sensitivity  of  the  accelerometer  (mllllvolt/g) , 
is  also  apparent  on  the  oscillogram. 

Manu¬ 
script  [ Footnote ] 

Page 

No. 

1  The  most  general  designation  for  an  Instrument  used  to  meas 

ure  accelerations. 

Manu¬ 
script  [List  of  Transliterated  Symbols] 

Page 

No. 

10  BMX  =•  vyMi  ■  vylthod  »  output 

14  y  «  u  *  uprugiy  •  elastic 

l4  c  ■  8  •  sila  »  force 

36  H  >  D  Datchik  •  Sensor 

34  y  a  u  ■  udaryayusbcbiy  »  colliding 
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